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ABSTRACT

MOLECULAR ANALYSIS OF THE PIL LOCI OF NEISSERIA GONORRHOEAE

Jenny Wachter, PhD,
Department of Biological Sciences,
Northern Illinois University, 2016
Dr. Stuart A. Hill, Director

Piliation is an essential virulence factor for the obligate human pathogen Neisseria
gonorrhoeae. PilE polypeptide is the major protein subunit in the pilus organelle and engages in
extensive antigenic variation due to recombination between pilE and a pilS locus. pilS were sonamed as they are believed to be transcriptionally silent, in contrast to the pilE locus. Despite the
importance of pilE in pathogenesis, little is known regarding its regulation. Therefore, through
small transcriptome analysis, we have identified a trans-encoded sRNA that was demonstrated to
up-regulate expression of pilE. Furthermore, through small transcriptome analysis, in
conjunction with analysis of pilS recombinants, we have identified both sense and antisense
RNAs originating from most, but not all, of the pilS gene copies. Focusing on a single locus, we
identified by site-directed mutagenesis a sense and antisense promoter. Analysis of available
whole transcriptomes also revealed the presence of pilS-specific sRNAs in other pathogenic
Neisseria. However, despite the presence of non-canonical promoter elements, investigation of
available pil gene sequences revealed the presence of strong selection pressures, which provide
support for host immune system pressure driving sequence polymorphisms within these variable
genes. Overall, this study reveals an added layer of complexity to the pilE virulence gene.
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1. INTRODUCTION
Neisseria gonorrhoeae (Gc or gonococci) is an obligate human pathogen and the
etiological agent of gonorrhea. It infects an estimated 106.1 million individuals annually (World
Health Organization, 2012). While gonococci are capable of infecting diverse mucosal surfaces,
characteristic infections occur within the urogenital tract, and manifest as cervicitis in women
and urethritis in men (Britigan et al., 1985; Wasserheit, 1994). However, untreated cases may
result in complicated infections which may manifest in women as salpingitis (acute inflammation
of the fallopian tubes) or pelvic inflammatory disease (PID; infection and inflammation of one or
all of the reproductive organs) (Wasserheit, 1994). Additionally, disseminated gonococcal
infection (DGI) can occur in both males and females (Wasserheit, 1994). While DGI is a rare
complication of the disease, diagnosed in only 0.1%-0.3% of cases, it is rather serious and may
cause severe arthritis, dermatitis, tenosynovitis, meningitis and endocarditis (Masai and
Eisenstein, 1981). However, individuals with compromised immune systems are at an elevated
risk for developing DGI (Petersen et al., 1979). Furthermore, evidence has established a link
between N. gonorrhoeae infections causing an elevated risk for acquiring HIV (Cohen et al.,
1997). Due to the major health concern of emerging antimicrobial-resistant N. gonorrhoeae, the
Centers for Disease Control (CDC) has advocated the need for further research into the
pathogenicity of this microorganism (US Department of Health and Human Services, 2013).

2

1.1 Virulence factors and infection by N. gonorrhoeae

During infection, the gram-negative gonococci utilize outer membrane proteins, most
notably pilin (Kellogg et al., 1963, 1968) and colony Opacity-associated (Opa) proteins which
serve as an afimbrial adhesin (Bessen and Gotschlich, 1986; Kupsch et al., 1993). Through the
regulated expression of the type IV pili (tfp) and Opa proteins, N. gonorrhoeae are able to
maintain virulence. Gc is capable of changing these surface antigens by one of two means; either
by phase variation which causes on/off switching of gene expression, or via bona fide gene
variation where the chemical composition of the surface antigen is modified (Meyer and Hill,
2003). In fact, the opa and pil genes of the pathogenic Neisseria spp are perhaps the best studied
prokaryotic systems of both phase and antigenic variation (Meyer and Hill, 2003).

1.2 Type IV pili

Differences in colony morphology between virulent and avirulent strains of gonococci
led to the discovery of pili on virulent cells (Kellogg et al., 1963, 1968; Swanson et al., 1971).
These type IV pili are membrane-anchored, filamentous, extra-cellular proteins primarily
composed of PilE peptides (Zak et al., 1984) typically expressed from a single locus, pilE
(Meyer et al., 1984). Tfp are important structures involved in natural transformation/genetic
exchange, twitching motility, biofilm formation, and attachment to host cells (Heckels, 1989;
Higashi et al., 2007, 2009). In fact, pili are critical virulence factors that facilitate attachment to
human mucosal epithelial cells (Swanson et al., 1987), fallopian tube mucosa (Draper et al.,
1980; Pearce and Buchanan, 1978), vaginal epithelial cells (Pearce and Buchanan, 1978;
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Tramont et al., 1980), and human polymorphonuclear leukocytes (PMN’s or neutrophils)
(Densen and Mandell, 1978; Virji and Heckels, 1986).
Antigenic variation occurs via unidirectional recombination of pilE with one of several
silent pil genes known as pilS. Each pilS gene copy lacks the 5′ 150 bp of pilE, yet contains both
constant and variable regions, with the variable regions (termed minicassettes or mcs; of which
there are 6 per pil gene copy) being responsible for the formation of PilE antigenic variants
following homologous recombination of pilE with pilS (Hagblom, 1985) (Fig. 1). The regions of
pil are named according to their conserved structural elements, with the 5′ variable regions (mc6mc3) considered semivariable, as only a single amino acid is typically altered between copies.
Regions located near the 3′ end (mc2-mc1) are referred to as hypervariable since they replace
several amino acids and often include insertions and deletions (Haas and Meyer, 1986). There
are several features within the pil genes that are required for antigenic variation, including two
conserved sequences encoding cysteine residues (cys1 located between mc3 and mc2 and cys2
between mc2 and mc1) and the untranslated Sma/Cla repeat located at the 3′ end of each pil
locus.
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Figure 1. Schematic representation of the pilE gene in N. gonorrhoeae.
The location of each variable minicassette (mc6-mc3) in pilE are represented by light grey
boxes. The hypervariable minicassettes (mc2 and mc1) are represented by dark grey boxes. The
stop codon for the gene is located shortly after the 3’ end of mc1. White areas represent constant
regions among pil genes.

Transcription within the pil system is believed to be confined to the pilE locus (Haas and
Meyer, 1986; Haas et al., 1992; Meyer et al., 1984). Despite three fully functional promoters
being present upstream of the pilE gene, only a single promoter, P1, is apparently used in the
gonococcus (Carrick et al., 1997; Fyfe, 1995). No regulator that modulates expression has been
identified (Carrick et al., 1997; Fyfe, 1995; Laskos et al., 1998). However, binding of integration
host factor (IHF) upstream of the P1 promoter potentiates pilE transcription by facilitating the
interaction of UP-elements with RNA polymerase (Fyfe and Davies, 1998; Hill et al., 1997).

Translation of full-length pilE transcript produces a pre-pilin peptide that is processed
through endo-proteolytic cleavage of ~7 N-terminal amino acids (Dupuy and Bugsley, 1994;
Freitag et al., 1995). However, exposed regions may undergo further modification (Virji, 2009),
including glycosylation of serine 63 and the addition of phosphocholine or phosphoethanolamine
to serine 68, which are thought to impact immune recognition and cellular interactions (Craig et
al., 2006; Virji, 2009). Regardless of modification, the sequence of mature PilE peptides allows
for differentiation into three functional domains (Hagblom, 1985). These include an α-helical
highly conserved N-terminal hydrophobic region, a semi-conserved β-pleated central region, and
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a hydrophilic variable C-terminal (Forest and J. A. Tainer, 1997). The variability within the Cterminal region is due to antigenic variation resulting in altered PilE peptides that avoid crossreactivity with human immune cells (reviewed (Hill and Davies, 2009; Meyer and Hill, 2003)).
Gonococcal Tfp are rather complicated structures, with 15 proteins identified to be
involved in their biosynthesis, assembly, and disassembly (Virji, 2009). The initial endoproteolytic cleavage of the PilE peptide is accomplished by PilD peptidase (Dupuy and Bugsley,
1994; Freitag et al., 1995). Processed PilE peptides are then polymerized at the inner membrane
and expelled through the outer membrane via the PilQ pore-forming complex (Drake and
Koomey, 1995; Fussenegger et al., 1997; Wolfgang et al., 1998). The emerging pilus structure is
assembled via the hydrophobic interactions of the α-helical N-terminal amino acids and the
exposed β-pleated sheets of the C-terminal loops of the PilE peptide (Craig et al., 2006; Forest
and J. A. Tainer, 1997; Freitag et al., 1995; Tonjum et al., 1995). Polymerization is accomplished
through the combined efforts of PilF and PilG which allows for rapid extension of the tfp fiber
(Craig et al., 2006; Freitag et al., 1995; Tonjum et al., 1995). PilC may also be attached to the tip
of the helical pilus fiber, and aid in adherence to host cells (Jonsson et al., 1991; Rudel et al.,
1992, 1995). De-polymerization of the pilus organelle is accomplished by PilT hydrolytic
activity (Wolfgang et al., 1998). The ability of Gc to rapidly polymerize and de-polymerize PilE
allows twitching motility of cells and, upon attachment to host cells, may act akin to a grapplinghook (Merz et al., 2000).

Additionally, de-polymerization can aid in uptake of exogenous DNA during
transformation (Wolfgang et al., 1998). Gc is naturally competent through the expression of tfp,
with preference displayed for DNA containing a Neisseria-specific 10-bp uptake sequence
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(GCCGTCTGAA; DUS) (Heckels, 1989; Koomey et al., 1987; Tonjum and Koomey, 1997). The
type-IV-pili-structurally-related component, ComP, is believed to engage in DNA binding, with
a preference towards DUS-containing sequences via an electropositive strip on its surface (Aas et
al., 2002; Cehovin et al., 2013; Wolfgang et al., 1999).
Attachment to other gonococcal cells can also be fostered by tfp. In fact, gonococci have
been shown to form biofilms in continuous flow chambers and on human epithelial cells both in
vitro and in vivo (Greiner et al., 2005; Steichen et al., 2008). These biofilms are thought to play a
critical role in persistent as well as asymptomatic infections and may even contribute to an
increase in antibiotic resistance (Steichen et al., 2008). The majority of the biofilm matrix is
composed of structures that originate from the outer membrane via a process known as blebbing
(Greiner et al., 2005). Blebbing is the extension and release of vacuoles that originate from the
outer-membrane of many Gram-negative bacteria (Pettit and Judd, 1992). Membrane blebs of N.
gonorrhoeae contain plasmid and chromosomal DNA as well as small RNAs and can be used as
a means of plasmid transfer between cells (Dorward et al., 1989). In fact, DNA is a major
component of Gc biofilms and the addition of DNase can either clear or prevent the formation of
these biofilms entirely (Steichen et al., 2011). Additionally, for cells outside of a biofilm matrix,
these blebs have been suggested to play a protective role, as the outer-membrane material
composing these blebs contains immunodominant cell surface antigens that compete for
antibodies and impede the hosts defenses (Dorward et al., 1989; Pettit and Judd, 1992).
Additional roles in pathogenesis are also accomplished via the tfp. In fact, typical
infection by Gc proceeds through pilus-mediated formation of pathogenically relevant
microcolonies on mucosal epithelum 1-2 hrs post-infection. The pilus is also involved in
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maintaining integrity and allowing for movement of the entire microcolony (Biais et al., 2008;
Higashi et al., 2009). Although it is unknown if gonococci are capable of quorum sensing (a
type of bacterial communication), it has been postulated that communication occurs during
microcolony formation and movement (Higashi et al., 2009). Either microcolonies or individual
cells can then use their pilus to initiate attachment to the host epithelium (Higashi et al., 2007).
Retraction of the pilus fosters a more intimate contact of the gonococci with the host cell which
allows for the abundant Opa proteins to mediate uptake through adherence with their respective
host cell receptors (Kupsch et al., 1993).

1.3 Opacity-associated protein (Opa)

Opa proteins are integral outer membrane proteins that promote inter-gonococcal
aggregation producing opaque colonies when viewed by phase-contrast microscopy (Swanson,
1978a, 1978b, 1982). Opa proteins belong to a multigene family with a single cell possessing a
variable number (11-12 in Gc) of unlinked, intact genes (Aho et al., 1991; Bhat et al., 1991;
Connell et al., 1990; Hobbs et al., 1994; Kupsch et al., 1993; Morelli et al., 1997; Stern et al.,
1986). However, opa genes are not constitutively expressed at the protein level, because each
opa gene contains a pentameric repeat segment within its coding region which allows for phase
variation due to slipped-strand mispairing and subsequent frameshift mutations (Murphy et al.,
1989; Stern et al., 1986). Therefore, a single cell can express all or none of its variant Opa
proteins (Stern et al., 1986; Swanson et al., 1992). Opa proteins also contain three variable
regions, denoted as hypervariable 1 (HV1), hypervariable 2 (HV2), and semivariable (SV)
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domains, which are surface-exposed as extracellular loops (Bhat et al., 1991; van der Ley, 1988;
Malorny et al., 1998).

During infection Opa expression varies (Swanson et al., 1992), and invasion of host cells
by Gc is determined by which Opa protein is expressed (Makino, 1991). In fact, Opa-expressing
bacteria can be detected within infected cells upon re-isolation from human volunteers (Jerse et
al., 1994; Swanson et al., 1988). Opa proteins bind to human cell surface receptors which include
CEACAM (CD66) and heparansulfate proteoglycans (HSPGs) (Chen et al., 1995; van Putten and
Paul, 1995; Virji et al., 1996a). It is believed that sequence changes within the SV and HV
regions confer receptor specificities, with CEACAM binding being determined by the HV1 and
HV2 gene segments (Muenzner et al., 2010; Virji et al., 1999). Moreover, the majority of Opa
bind CEACAM receptors expressed by many different cell types including epithelial, neutrophil,
lymphocyte and endothelial cells (Billker et al., 2002). In fact, in gonococcal strain MS11, only
one Opa variant allows invasion of epithelial cells via HSPG, whereas the remaining 10 Opa
proteins can mediate adherence and traversal of the epithelium through CEACAM (CD66)
receptors (Chen et al., 1995; Kupsch et al., 1993; van Putten and Paul, 1995; Wang et al., 1998).
Facilitating Opa protein variability, opa genes exchange HV regions following horizontal
transmission of DNA (Bihlmater et al., 1991) which may result in unique Opa proteins during an
infection (Hobbs et al., 1994, 1998).

Additionally, Opa proteins can bind diverse receptors as the amino-terminal domains of
CEACAM receptors are widely conserved (Gray-Owen et al., 1997; Virji et al., 1996a, 1996b).
CEACAM1 is a prevalent receptor on lymphocytes, and along with CEACAM5, is expressed by
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epithelial cells of the female urogenital tract. While there have not been studies to directly
ascertain the CEACAM receptors present in the male urethra, mouse models suggest that
CEACAM5 is present (Eades-Perner et al., 1994; Prall et al., 1996). The binding of Opa variants
to CEACAM1 (CD66a) and CEACAM5 (CD66e) is believed to allow persistent infections both
in vitro and in mouse models, while binding to CEACAM3 (CD66d) in vitro results in increased
inflammation and gonococcal clearance through binding and non-opsonic phagocytosis by PMNs
(Fischer and Rest, 1988; Gray-Owen et al., 1997; Gu et al., 2010; Naids and Rest, 1991; Virji
and Heckels, 1986). Recent Opa-CEACAM binding studies of clinical isolates identified
selection of Opa variants for CEACAM1 and 5 and against CEACAM3, suggesting in vivo
selection of Opa proteins during infection (Sintsova et al., 2015). Additionally, following
leukocyte infiltration at the site of infection, expression of specific Opa proteins promote binding
and non-opsonic phagocytosis by PMNs (Fischer and Rest, 1988; King and Swanson, 1978; Virji
and Heckels, 1986). It is believed that Pil and Opa contribute to tissue tropism, as this has been
influenced by certain antigenic variants of PilE and the expressed Opa protein(s) (Hill and
Davies, 2009; Winther-Larsen et al., 2001).
1.4 Pathogenesis
N. gonorrhoeae typically enter and colonize the urogenital tract following sexual contact
with an infected individual (Cornelissen, 2011). Upon entry into a human host, gonococci can
survive either extracellularly or intracellularly, however, infection typically begins with the
formation of microcolonies on non-ciliated columnar epithelial cells within 1-2 hours postinfection (Edwards and Apicella, 2004; Griffiss et al., 1999). Microcolony formation continues
until a cell density of approximately 100+ diplococci is reached, resulting in pilus-mediated
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attachment to the CD46 host cell-surface receptor (Kallstrom et al., 1997; Nassif, 1999). Upon
binding, PilE depolymerization (Wolfgang et al., 1998) results in a tighter adherence via Opamediated binding to CEACAM receptors (Chen et al., 1997; Virji et al., 1996b). CEACAM
binding induces actin polymerization and rearrangement within the host cell resulting in bacterial
engulfment, transcellular transcytosis, and release of the bacteria into the subepithelial layer
(Billker et al., 2002; Wang et al., 1998).
Extensive variation of pili and Opa expression has been determined to occur in vivo
(James and Swanson, 1978), with differential expression occuring in isolates obtained from male
and female infections. Within the male urethra, Gc generally co-expresses Pil and one of several
Opa proteins (Swanson et al., 1992). However, in women, Opa expression is dependent upon the
stage of the menstrual cycle, the location of the organism (cervix and fallopian tubes), and the
presence or absence of oral contraceptives (Draper et al., 1980; James and Swanson, 1978). In
fact, recent studies of fallopian tube epithelial cell cultures do not appear to express CEACAM
receptors, yet gonococci are still able to adhere to and invade (Sintsova et al., 2015; Swanson et
al., 2001). In accordance with this data, Opa expression is typically absent from most re-isolates
of female disseminated infections. Therefore, Opa expression does not appear to increase
gonococcal fitness within the female genital tract (Cole et al., 2010).
1.5 Non-coding small RNAs
While various aspects of pathogenesis are known, considering the importance of
gonococci in human health, very few regulatory systems have been described (Mellin and Hill,
2010). Typically, pathogenic bacteria must employ transcriptional and post-transcriptional
regulatory schemes for a successful infection (Han et al., 2013). Such transcriptional regulation
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is often applied via regulatory proteins and noncoding RNAs, which, together with their target
genes, can form complex regulatory networks that allow stringent control over the expression of
virulence factors at various stages of infection (Han et al., 2013). While Gc possesses many of
the RNA-degrading enzymes that are found in Gram-negative bacteria, little is known regarding
mRNA turnover.
RNA turnover in prokaryotes is largely regulated by the combined action of RppH RNA
pyrophosphohydrolase and RNaseE (an endo-ribonuclease) (Richards et al., 2008). As
prokaryotes protect transcripts from degradation via phosphorylation of the 5′ end, mRNA
turnover is typically initiated by the removal of the 5′ pyrophosphate. This is accomplished
through the enzymatic action of RppH which is followed by RNaseE degradation of the
dephosphorylated message into small oligoribonucleotides (Richards et al., 2008). Transcripts
targeted for degradation by RppH typically contain nucleotide sequence signals which,
experimental evidence suggests, contain at least two unpaired nucleotides at the 5′ end, with
higher catalytic activity exhibited if the second and third position contain guanine followed by an
additional guanine or adenine residue (Hsieh et al., 2013). However, RNA turnover may also be
affected by additional factors such as RNA secondary structures, translating ribosomes, and/or
other RNA degrading enzymes (Deutscher, 2006).
Transcripts may also be targeted for degradation through the use of regulatory small
RNAs (sRNAs) which affect RNA stability via four general categories of defined mechanisms;
including riboswitches, RNA thermometers, and cis- or trans-encoded sRNAs (Han et al., 2013;
Storz et al., 2011). The typical mode of action for sRNA regulation is post-transcriptional
binding to the target transcript which generally may decrease mRNA stability by either providing
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double-stranded substrates for RNase III degradation, or inhibiting protein synthesis by blocking
access of translational machinery (Livny and Waldor, 2007). Conversely, these sRNAs may
remove intrinsic mRNA secondary structures thereby promoting translation. Both cis- and transencoded sRNAs comprise the largest group of regulatory sRNAs identified to date and regulate
mRNA expression through complementary binding to their target transcripts (Waters and Storz,
2009). While cis-encoded sRNAs are transcribed from the opposite strand of their target mRNA
(asRNAs) and are typically ~75 nucleotides or longer in length, trans-encoded sRNAs are
generally transcribed from intergenic regions (IGRs) and therefore display limited
complementarity to their target transcripts (Waters and Storz, 2009). However, due to the
pervasiveness of asRNAs within bacterial transcriptomes, it has been speculated that the majority
of these transcripts arise from illegitimate promoters and are the result of transcriptional noise
(Llorens-Rico et al., 2016). Yet, a number of asRNAs have been experimentally verified and
their effects on target transcripts have been documented (Thomason and Storz, 2010).
Furthermore, Gram-negative bacteria require the RNA-binding protein Hfq for function and
stability of trans-encoded sRNAs (Storz et al., 2011). While regulatory sRNAs have been shown
to control many processes within cells, including stress responses, metabolic reactions, and
pathogenesis (Hill, 2011; Raghavan et al., 2011), very few sRNAs have been identified in
Neisseria. However, recent transcriptional profiling of N. gonorrhoeae identified 253 novel
potential regulatory sRNAs within intergenic regions, several of which appear to regulate 9 of
the 11 Opa proteins (Remmele et al., 2014). Recently, sRNAs have been determined to control
key regulators of virulence genes in Salmonella, Helicobacter pylori, Burkholderia cenocepacia,
Listeria monocytogenes, Yersinia, and Vibrio cholerae, to name a few (Han et al., 2013).
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Additionally, as the RNA chaperone Hfq is hypothesized to play some role in posttranscriptional regulation of pilE, due to decreased pil expression observed in a ∆hfq background
(Dietrich et al., 2009), small RNAs most likely play a role in positive regulation of pilE message.
In fact, analysis of pilE mRNA has identified three loops that form in the 5′ UTR in vivo that
occlude the ribosomal binding site but also appear to protect the transcript from degradation
(unpublished manuscript). However, due to the formation of these loops and the apparent
necessity for Hfq, it is postulated that a trans-encoded sRNA may be required for optimal
expression of PilE peptide.
1.6 Selection pressures
In addition to Gc, the pathogenic Neisseriae also include Neisseria meningitidis (Mc),
which can cause bacterial meningitis (Scherp, 1955). Both pathogenic species harbor multiple
copies of the antigen encoding genes, opa and pil, and are capable of changing expression of the
encoded proteins through either phase or gene variation of the encoded genes to produce
antigenically distinct peptides (Meyer and Hill, 2003). The amino acid substitutions that produce
the antigenically distinct Opa and Pil variants are caused by nonsynoymous polymorphisms
present within the variable regions of the encoded genes, with the occurrence of these
polymorphisms largely attributed to homologous recombination of horizontally acquired alleles
(Andrews and Gojobori, 2004; Davies et al., 2014; Hobbs et al., 1994). Consequently, it has been
speculated that diversification of these multiple chromosomal genes are driven by selection
pressures emplaced by the host immune system (Rich et al., 2001). However, due to the
presence of internal promoter elements and structural constraints of the encoded proteins,
purifying selection may also be applied towards these genes.
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1.7 Specific Aims
(1) Transcriptional analysis.
In this study, we used transcriptional profiling to compare the small RNA transcriptomes
of N. gonorrhoeae strain MS11 in two different genetic backgrounds; wild type and a ∆rppH
mutant. By comparing the two small transcriptomes, we have identified sRNAs from all regions
of the chromosome which has allowed us to further evaluate sRNAs that are derived from
intergenic regions as well as sRNAs that are sense and antisense to sense transcripts within a cisconfiguration. Moreover, we have also been able to assess the role of the RppH enzyme on both
the abundance and quality of small RNAs within the cell.
(2) Molecular analysis.
Realizing the potential importance of sRNAs in pathogenesis, further investigation into
potential sRNA regulators of pilE expression revealed the presence of an inter-genic asRNA
transcript that displayed favorable free energy towards binding to the 5′ UTR of pilE. The
binding of this asRNA in vivo may subsequently alleviate secondary structures within the 5′ UTR
thereby stabilizing the transcript and exposing the ribosomal binding site to up-regulate pilE
translation. Further transcriptome analysis into the pil and opa pathogenicity genes revealed the
presence of sense and antisense cis-encoded sRNAs arising from the majority of these genes,
including the previously believed transcriptionally silent pilS genes. These novel pil-derived
sRNAs were further defined through a combination of mutational analysis, Northern blotting, in
vitro transcription, and quantitative reverse transcriptase PCR (qRT-PCR). Through this analysis
the initiation of pil-derived sRNA transcripts were further elucidated. Consequently, these
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observations add a further degree of complexity to not only pilE regulation, but also to
the pilE/pilS gene variation paradigm.
(3) Evolutionary analysis.
The location of pil- and opa-derived transcripts and identified non-canonical promoter
elements within the pilS and pilE genes (Masters et al., 2016; Wachter et al., 2015) has prompted
inquiry into the conservation of these non-canonical promoter elements and the roles of selection
pressures on the variable regions of these genes. Due to the fact that PilE polypeptides (Swanson
et al., 1987; Zak et al., 1984) and Opa proteins (Poolman et al., 1983; Wiertz et al., 1996)
constantly encounter the immune system, it has been assumed that variation of the pil and opa
gene sequences would be driven by strong immune selection pressures (Smith et al., 1995).
However, if transcription of identified pil- and opa-dervied sRNAs remains conserved among
pathogenic Neisseria, as determined through putative promoter conservation, then cells may
counter immune system pressures in an attempt to maintain these functional domains. Therefore,
the origins of polymorphisms in the pil and opa systems were investigated between pathogenic
Neisseria species (i.e., between N. gonorrhoeae and N. meningitidis; termed interspecies),
between multiple strains of a single species (either within N. gonorrhoeae or N. meningitidis;
termed interstrain), as well as within a single strain of either N. gonorrhoeae or N. meningitidis
(termed intrastrain). By differentially assessing the selective pressure on the variable genes from
Neisseria, we demonstrate that while immune pressure does indeed drive nonsynonymous
changes within the variable gene sequences, the putative promoter motifs remain conserved
among the pil and opa genes analyzed.

2. TRANSCRIPTIONAL ANALYSIS

2.1 Materials and Methods

2.1.1 Bacterial strains and growth conditions

Neisseria gonorrhoeae strain MS11 7/30:2 was the wild-type strain used in this study
(Bergstrom et al., 1986). An N. gonorrhoeae ∆rppH::ermC insertional mutant was created by
sequential ligation of two PCR fragments with the ermC gene. The PCR fragments were made
using the primer pairs depicted in Table 1. The ermC gene contains a transcriptional terminator
thus eliminating any downstream polar effects. Gonococci were passaged daily on gonococcal
typing medium (Swanson, 1982) at 37ºC in 5% CO2. When grown in liquid culture, the agar was
omitted and the medium was supplemented with NaHCO3 at a final concentration of 420 ng ml-1.
In studies using antibiotics, rifampicin was added at a final concentration of 200 µg ml-1;
erythromycin was added at a final concentration of 5 µg ml-1.
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Table 1. Primers used in the construction of the ∆rppH::ermC insertional mutants.
Oligonucleotide
Sequence (5′-3′)
RppHfor1

5′- GGATCCGATGCTTGAACCATACCGTCCGATTT -3′

RppHrev1

5′- ACTAGTCGTCGTAACGCAGCCAGTCGCGC -3′

RppHfor2

5′- CTCGAGTGCCGAACAACTGGGTGCGCCGCG -3′

RppHrev2

5′- TCTAGATTACCGGTTGCCGGAAGGTTG -3′

2.1.2 Rifampicin treatment of exponentially growing cells for RNA turnover studies

Cells were grown in liquid medium until log phase was reached (OD600 = 0.15) at which
point rifampicin was added to a final concentration of 200 μg mL-1. At various time points
thereafter, rifampicin inhibition was terminated by immediately suspending the cells in an equal
volume of methanol/phenol (50:1). The cells were then harvested by centrifugation. Cell pellets
were frozen and total RNA was extracted.

2.1.3 RNA preparation, library construction and sequencing
N. gonorrhoeae strain MS11 and the MS11 ∆rppH mutant were grown on solid medium
for 12 hrs. Cells were harvested and sRNA was extracted utilizing the MirVana Mira Kit AM
1560 (Life Technologies, Inc) according to the manufacturer’s specifications. Purified RNA
preparations were then treated with RNase-free DNase I (10 units) for 30 min at 37 °C, extracted
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with phenol/chloroform, precipitated with ethanol, air-dried and resuspended in DEPC-treated
water at a concentration of 10–20 mg ml-1.

Consequently, for small RNA transcriptome analysis, transcripts larger than 250-300 bp
were excluded from further analysis by size fractionation. Two sRNA libraries (wild type and
∆rppH) were constructed using the ‘Small RNA v1.5 Sample Preparation Kit’ (Illumina). sRNAs
within both sets of samples were ligated to 5′ adaptors containing a 4 nt barcode and were
subsequently sequenced on an Illumina HiSeq2000 with chemistry version 4 and analyzed with
pipeline 1.8. For the wild-type sRNA library, the coverage was 24,592,832 reads; for the rppH
sRNA library, the coverage was 11,021,353 reads. The error rate of the runs was <0.3%. For
analysis, the adaptor sequences were subtracted from the reads. Only sequenced RNA transcripts
that mapped to N. gonorrhoeae strain MS11 chromosome assembly GCA_000156855.2 were
kept. Analysis focused solely on unambiguous reads (i.e. transcript reads needed to map to
regions of the chromosome with no lapse in read depth). Both transcriptomes are available at the
GEO accession number GSE62926.

2.1.4 Mapping and visualization of reads

Initially, small RNA sequencing data was mapped to the reference genome N.
gonorrhoeae strain MS11 GenBank ID CP003909.1 (assembly GCA_00156855.2) submitted 02
September 2010. Subsequently, following the submission of the fully sequenced MS11
chromosome, the data were aligned to the MS11 sequence assembly GCA_000156855.2 version
CP003909.1 GI:537637238 submitted 14 February 2014. The data were mapped to the reference
genome using the Nesoni data analysis toolset available through the Victorian Bioinformatics
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Consortium (http://www.vicbioinformatics.com/software.nesoni.shtml). This toolset trims the
reads and filters alignments through the SHRiMP read aligner, which is able to align short-read
sequencing data to the reference genome regardless of small insertions or deletions (David et al.,
2011; Rumble et al., 2009). Nesoni also creates files that may be supplied to Artemis in order to
graphically visualize the coverage and read depth of transcripts (Carver et al., 2012). Figures
including genomic locations of transcripts and histograms of transcript read depth were
generated using the Circos software package version 0.66 (Krzywinski et al., 2009).

2.1.5 Transcript quantification

Coordinates of all IGRs, protein-coding genes, tRNAs, rRNAs and ncRNAs were
obtained from NCBI GenBank CP003909.1. The relative amount of transcripts were determined
as TPM, the number of transcripts × 106 values (Wagner et al., 2012).

2.1.6 Promoter analysis

To determine potential promoter sequences that gave rise to seRNAs, sequences spanning
100 base pairs upstream of these sRNA were analyzed. Therefore, a total of 1058 sequences
were analyzed for potential promoter regions that were responsible for the ambiguous sRNAs
detected within these genes. Tools available from MEME (Multiple EM for Motif Elicitation)
Suite were used to determine significant enriched sequences (motifs) present within the putative
pil and opa promoter regions (Bailey and Elkan, 1994; Bailey et al., 2009). A local installation of
meme version 4.10.0 was used for primary analysis of potential motifs (Bailey and Elkan, 1994;
Bailey et al., 2009). For this analysis, a zero or one occurrence model was used to detect motifs
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spanning between 5 and 20 bases with an E-value threshold of 0.001. Additionally, sequence
composition was examined by determining the frequency of bases within the putative promoter
regions. These sequences were also analysed to detect any regions bearing sequence similarity to
the Pribnow box, as this sequence was found to be highly conserved within promoter elements of
N. gonorrhoeae (Remmele et al., 2014). A multiple sequence alignment of these regions was
performed with mafft and the sequence alignment was visualized with the WebLogo server
(Crooks et al., 2004; Katoh, 2013).

2.2 Results

2.2.1 More sRNAs are observed in the absence of the RppH enzyme

N. gonorrhoeae strain MS11 has 944 genes that are transcribed from the Watson strand
and 1,134 genes that are transcribed from the Crick strand. Analysis of sRNAs from both the N.
gonorrhoeae MS11 wild-type and ΔrppH small transcriptomes revealed multiple sRNA
transcripts that are distributed throughout the genome (Fig. 2). While sRNAs were observed in a
similar number of chromosomal locations in both genetic backgrounds, more individual
transcripts were detected in wild-type cells, yet greater quantities of sRNAs are observed in the
ΔrppH mutant (Table 2). In comparing the two strains, (i) transcripts are observed at more
chromosomal locations in wild-type cells, (ii) wild-type cells contained more chromosomal
locations harboring longer transcripts and (iii) the ΔrppH mutation influences the quantity of
transcripts.
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Figure 2. The small seRNA, asRNA, and intergenic RNA transcriptome of N. gonorrhoeae
strain MS11.
The locations of genes originating from the Watson strand are shown as green and from the
Crick strand as red. The quantity of sRNAs are presented as histograms inset to their
corresponding locations on the chromosome of N. gonorrhoeae strain MS11. The wild-type
transcriptome is displayed as the larger, outer histogram, while the ΔrppH transcriptome is
presented as the smaller, inner histogram. The small seRNA transcriptome (a), the small asRNA
transcriptome (b), and the small RNAs mapped to intergenic locations (c) of N. gonorrhoeae are
shown (Wachter and Hill, 2015).
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Table 2. The total number of sRNA transcripts mapping to unique locations on the chromosome
Transcripts mapping Watson strand of the

Transcripts mapping to the Crick strand of

chromosome

the chromosome

Number

Average

of distinct

length

Relative

regions

(bp)

amount

MS11

21 252

52

47

MS11 ΔrppH

13 855

41

72

2159

135

156

537

132

340

#

t-

Number

Average

of distinct

length

Relative

value

regions

(bp)

amount

5.74*

21 639

53

46

14 796

42

67

2288

135

153

636

132

365

#

tvalue
4.34*

MS11 ≥
100 bp

2.89*

3.09*

MS11
ΔrppH ≥
100 bp

(Wachter and Hill, 2015).
#
Relative amount reflects the number of transcripts × 106
*Significantly different (P < 0.05) between the two genetic backgrounds

2.2.2 Identification of different classes of sRNAs

The analysis was further refined by determining the orientation of the sRNAs with
respect to the annotated genes which allowed the sRNAs to be classified as intragenic sense
transcripts (seRNAs), cis-intragenic antisense (i.e. transcripts arising from the opposite strand)
(asRNAs) and intergenic transcripts (IGRs) (Table 3). This refined analysis revealed that a
greater number of transcripts mapped as IGRs, as intragenic asRNAs or as intragenic seRNAs in
a wild-type background, when compared to sRNAs detected in the mutant background (for IGRs,
2442 more locations; for intragenic asRNAs, 7934 more locations; for intragenic seRNAs, 3849
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more locations Table 3). However, for ΔrppH cells, the overall abundance of sRNA transcripts is
still much greater when compared to wild-type cells (for ΔrppH cells, there is ∼68% more IGR
transcripts; ∼33% more asRNAs; ∼46% more seRNAs). Therefore, all classes of sRNAs are
found in more chromosomal locations in wild-type cells yet in lower quantities than in the
ΔrppH mutant. When statistical analysis was applied to the relative abundance of transcripts
presented in Table 3, significantly greater amounts of IGR-derived sRNAs are detected in both
genetic backgrounds when compared to either intragenic seRNAs or intragenic asRNAs (P <
0.05) (Table 4). Also, there were significantly more intragenic seRNAs than intragenic asRNAs
(P < 0.05).
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Table 3. sRNAs mapped to the chromosome of N. gonorrhoeae MS11 in two genetic
backgrounds
Transcripts mapped to IGRs

Number

Avg.

mapped to

length

RA#

Transcripts mapped as

Transcripts mapped as

intragenic asRNAs

intragenic seRNAs

Number

Avg.

mapped to

length

RA#

Number

Avg.

mapped to

length

distinct

distinct

distinct

regions

regions

regions

RA#

MS11

6422

45

70*

16 242

48

33*

20 175

59

48*

MS11

3980

37

118*

8308

36

44*

16 326

45

70*

326

132

568*

1205

133

100*

2915

136

131*

85

126

2488*

169

131

177*

919

133

189*

ΔrppH
MS11 ≥
100 bp
MS11
ΔrppH≥
100 bp

(Wachter and Hill, 2015).
#
RA indicates the relative amount of RNA (the number of transcripts × 106).
*Indicates that the transcript quantities are significantly different (P < 0.05) between the wildtype and ΔrppHbackground.

Table 4. Evaluating the relative amount of each class of sRNA
Wild-type t-value ΔrppH t-value
Intergenic–intragenic seRNAs

3.32

4.52

Intergenic–intragenic asRNAs

5.68

5.07

Intragenic seRNAs – intragenic asRNAs

7.09

14.14

(Wachter and Hill, 2015)
All t-values indicate that the transcript comparisons are significantly different (P < 0.05)
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2.2.3 Promoter analysis of seRNAs

In order to determine promoter usage of the seRNAs mapped in Fig. 2A, regions
spanning 100 nucleotides upstream from all annotated CDS sequences were analyzed. Analysis
of 1058 sRNA genes indicated that only 64 contained regions sharing homology to the
previously identified extended −35 region (Remmele et al., 2014), whereas 994 only contained
regions homologous to the canonical Pribnow box (Fig. 3A). This analysis also revealed that
seRNAs from both cell types occurred with a similar frequency along the length of the CDS, yet
there is a greater number of seRNAs in the ΔrppH background that are predicted to arise within
10 base pairs of the predicted promoter (Fig. 3B).
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Figure 3. Predicted promoter sequences of annotated CDS regions.
(A) Regions 100 base pairs upstream of CDS start codons were analyzed for sequences
containing homology to the Pribnow box and −35 promoter elements. Homologous regions were
obtained, aligned and a sequence logo was constructed (Crooks et al., 2004). (B) All seRNAs
were examined and graphed based on their location with respect to the putative promoter
sequences; wild-type transcripts are presented as blue diamonds and ΔrppH transcripts as red
squares. While, the majority of seRNAs do not appear to be affected in terms of location by the
presence of the RppH enzyme, a greater number of seRNAs are located within 10 base pairs of
the predicted promoter within a ΔrppH background. In addition, based on their location from the
predicted promoter, a significant difference (P < 0.05) was detected in the quantity of seRNAs
arising from a ΔrppH mutant background (red diamonds on x-axis) than from a wild-type
background (Wachter and Hill, 2015).
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2.2.4 Intra-genic sRNAs from opa and pil genes
The amount of intragenic sRNAs of the virulence genes opa and pil were evaluated as
these are vital components of pathogenesis. Special interest was taken in the cis-encoded
intragenic asRNAs of opa (Fig. 4), as a previous analysis had revealed antisense RNAs arising
from 9 out of the 11 encoded opa genes of MS11 (Remmele et al., 2014). The current study
corroborated these observations as cis-encoded intragenic asRNAs were detected from opa genes
of MS11 in a wild-type background and seven in a ΔrppH background (NGFG_02258,
NGFG_02259, NGFG_00369, NGFG_02330, NGFG_02337, NGFG_02338, NGFG_02435 in
both genetic backgrounds and NGFG_02406, NGFG_02467, NGFG_02468 in wild-type cells).
For the majority of opa genes, it appears that the RppH enzyme affects the presence and quantity
of asRNAs as there is an overall greater abundance of antisense transcripts in the mutant than
compared to a wild-type background.
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Figure 4. sRNAs mapping to opa.
The quantity of sRNAs mapping to the annotated opa genes of N. gonorrhoeae strain MS11 are
shown as histograms inset to the genes. The wild-type genes are shown in black to the right
while the genes from the rppH mutant are shown in blue to the left. sRNAs that map sense to the
opa genes are shown in green, while sRNAs that map antisense to the opa genes are shown in
red (Wachter and Hill, 2015).
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Additionally, evaluation of the intragenic sRNAs of pil revealed transcripts mapping to
the transcriptionally active pilE gene, but also, rather surprisingly, revealed pilS-derived sRNAs.
As pilS loci have been historically annotated as transcriptionally silent elements (Haas and
Meyer, 1986; Haas et al., 1992; Meyer et al., 1984), further investigation into their
transcriptional expression was performed by parsing whole transcriptomes available in the
database for pilS-specific RNAs (Fig. 5). This analysis mapped sense and antisense RNAs to
various pilS loci as well as pilE in the gonococcal strains FA1090 and NCCP 11945 and the
meningococcal strain FAM18 that expresses class II pili (data not shown). Subsequent qRT-PCR
assays were then performed on E. coli recombinants carrying two different pilS loci present in
strain MS11 (pilS2 and pilS6 cloned into plasmid pBR322 such that the resident tet promoter was
inactivated as well as being in the opposite orientation to the β- lactamase gene) with
each pilS locus showing active transcription when queried by qRT-PCR analysis (data not
shown). Collectively, these observations strongly indicated that the small pil-specific RNAs
arose from transcription within the pilS loci.
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Figure 5. sRNAs mapping to pil genes of N. gonorrhoeae strain MS11 and total RNAs mapping
to pil genes of N. gonorrhoeae strain FA1090 and N. meningitidis strain FAM18.
pil-derived small RNAs of N. gonorrhoeae MS11 (black), whole RNAs of N. gonorrhoeae
FA1090 (blue) and whole RNAs of N. meningitidis FAM18 (red). All annotated pil genes are
shown inset to their corresponding chromosomes in differing grey hues. The N. gonorrhoeae
MS11 chromosome represents all small RNAs detected, while the N. gonorrhoeae FA1090 and
N. meningitidis FAM18 represent pil-derived RNAs detected from whole transcriptome analysis.
The log of the average read values for detected RNAs are displayed as histograms inset to their
corresponding pil genes. Outward facing histograms shaded green display the average reads for
RNAs mapped sense to the pil gene. Inward facing histograms shaded red display the average
reads for RNAs mapped antisense to the pil gene.
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2.3 Discussion
Transcriptome analysis allows for genome-wide detection and quantification of RNA
transcripts. Furthermore, it also allows for the effect of specific genetic manipulations to be
determined at the level of chromosome-wide transcription (Raghavan et al., 2011). In this study,
we assessed the sRNA transcriptome in two genetic backgrounds of N. gonorrhoeae MS11 (in
wild-type cells and in a ΔrppH mutant background) with the analysis detecting major differences
in sRNA composition, including the presence of sRNAs from more chromosomal locations in
wild-type cells yet in a lower abundance than those found in the ΔrppH mutant. Given the role
that RppH plays in mRNA turnover, the latter observation was expected. The difference in
abundance may reflect a difference in RNA half-lives in the two genetic backgrounds as wildtype mRNA has a shorter half-life than the half-life observed for ΔrppH mRNA (<5 min vs. <7.5
min, respectively, data not shown). When the sRNAs were further differentiated into
IGRs, intragenic asRNAs and seRNAs transcripts, it was found that the RppH enzyme also had
an influence on all classes of sRNAs. However, a consistent feature in both genetic backgrounds
was that the sRNAs overwhelmingly arose from genes where transcription utilized only a −10
promoter element (Fig. 3).
Whether in the presence or absence of the RppH enzyme many intragenic asRNAs as
well as intragenic seRNAs were detected, with many of these sRNAs exhibiting
complementarity (e.g. the opa and pil gene families; Figs. 5 and 6). If the intragenic sense

and antisense RNAs were to pair, this would create double-stranded RNA molecules which
would then act as substrates for RNase III digestion thus facilitating turnover (Callen et al., 2004;
Han et al., 2013; Wade and Grainger, 2014). Alternatively, gene expression can also be regulated
through convergent transcription with transcriptional interference occurring between the
convergent sense and antisense promoters leading to the silencing of the weaker promoter
(Shearwin et al., 2005). Consequently, depending on the individual promoter strength,
transcription of either sense or antisense RNA may be silenced in this manner. Thus, the
abundance of asRNAs as well as seRNAs detected throughout the chromosome may have a
major impact on global transcriptional regulation.
While the amount of DNA comprising IGRs varies between bacteria, it is believed that
bacterial genomes exhibit an evolutionary bias towards deleting IGR regions and maintaining
only those regions that comprise open reading frames (Fukuda et al., 2003; Sridhar et al., 2011).
Therefore, the maintenance of IGR-derived transcripts suggests that they are likely required to
fulfill some biological function within the cell (Argaman et al., 2001). Many IGR transcripts act
as trans-encoded regulatory sRNAs that either silence or enhance expression of their target
mRNAs (Han et al., 2013). Consequently, IGR-derived sRNA transcripts that function in a
crucial regulatory manner would be expected to be similar between wild-type and ΔrppH cells,
especially as the RppH enzyme does not use regulatory sRNAs for RNA degradation (Storz et
al., 2011). We found that the majority of transcripts that mapped to unique or analogous IGRs
were found in similar quantities in both genetic backgrounds, but in fewer genomic locations in
the absence of RppH. Interestingly, IGR-derived sRNAs were present in greater quantities when
compared to both seRNAs and asRNAs (Table 4). The presence of RppH also influenced the
quality of sRNAs within IGRs, as roughly two-thirds of the genomic locations giving rise to
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IGR-derived transcripts in one genetic background (either wild type or ΔrppH) lacked any sRNA
transcripts in the other cell type (data not shown). Therefore, it appears as though RppH interacts
with roughly two-thirds of IGR-derived transcripts and affects both their appearance and
abundance.
We also examined sRNAs in two genetic systems that are intimately involved in
gonococcal virulence; sRNAs within the opa gene family that encodes for a major outer
membrane protein (Fig. 4) and within the pilE/pilS genes which are involved in PilE antigenic
variation (Fig. 5). The analysis revealed the presence of seRNAs and asRNAs mapping to the
majority of opa genes, as well as to most pil genes within the cell, indicating that these cisencoded sRNAs may aid in the regulation of two important systems involved in the
pathogenicity of the gonococcus.

3. MOLECULAR ANALYSIS
3.1 Materials and Methods
3.1.1 Bacterial strains and growth conditions
Neisseria gonorrhoeae strain MS11 7/30:2 was the wild-type strain used in this study
(Bergstrom et al., 1986). N. gonorrhoeae ∆asRNA7::ermC1-6 insertional deletions of a predicted
intergenic asRNA (asRNA7) were constructed. The ermC gene contains a transcriptional
terminator thus eliminating any downstream polar effects. To construct a ∆asRNA7:ermC
complement, the genomic region encoding a small RNA upstream of the pilE 5′ UTR
corresponding to ∆asRNA7:ermC5 and ∆asRNA7:ermC6 was amplified with primer pairs 10605
and 09449 and ligated to a kan gene cassette containing a gonococcal DNA uptake sequence
(DUS) in a TA cloning vector (Table 5). For subsequent transformation into N. gonorrhoeae, the
kan::DUS::asRNA7 construct was ligated into the opaE gene within a pBlueScript cloning
vector. The pBlueScript-opaE::kan::DUS::asRNA7 construct was then crossed into the opaE
locus of N. gonorrhoeae strain MS11. Chromosomal DNA from the ∆asRNA7::ermC5 and
∆asRNA7::ermC6 mutational constructs was then used to transform the
opaE::kan::DUS::asRNA7 cells. Gonococci were passaged daily on gonococcal typing medium
(Swanson, 1982) at 37ºC in 5% CO2. When grown in liquid culture, the agar was omitted and
the medium was supplemented with NaHCO3 at a final concentration of 420 ng ml-1. In studies
using antibiotics erythromycin was added at a final concentration of 5 µg ml-1; kanamycin was
added to a final concentration of 80 μg ml-1; chloramphenicol was added to a final concentration
of 10 μg ml-1.
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For studying transcription within a recombinant setting, Escherichia coli DH5α was used.
Plasmids were maintained by the presence of antibiotics within the medium; ampicillin was
added at a final concentration of 100 µg ml-1; erythromycin was added at a final concentration of
200 µg ml-1; kanamycin was added to a final concentration of 40 μg ml-1. All genetic
manipulations utilized standard molecular biological procedures (Maniatis, 1982).

Table 5. Primers used in the construction of ∆asRNA7::ermC::opaE::kan::DUS::asRNA7
complements.
Oligonucleotide
Sequence (5′-3′)
10605

5′- CCGTATGTTAACGCGTAAATTCAAAAATC -3′

09449

5′- GCAACAAAAAACCGATGGTTAAATACATTGC -3′

3.1.2 Cloning and site-directed mutagenesis of a pilS loci from N. gonorrhoeae

All pilS6 constructs were derived from the pilS6 locus previously cloned from a N.
gonorrhoeae strain MS11 genome library into the pBR322 vector (S.A. Hill, unpublished
observations). PCR amplicons were ligated into the pSMART (Lucigen) vector to create five
pilS6 subclones which progressively removed potential promoters by shortening the 5′ end of the
locus (pilS6 : 1, pilS6 : 2, pilS6 : 3, pilS6 : 4, pilS6 : 6 and pilS6:SM1) (primers described in Table
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6). Successful transformants were used to introduce point mutations into putative promoter
sequences with QuikChangeII or QuikChange Lightning Mutagenesis kits (Agilent) (primers
described in Table 7). Potential promoter sequences were identified with the BPROM bacterial
recognition program available through the SoftBerry tool package (Solovyev and Salamov,
2011).

Table 6. Oligonucleotide primers used to generate pilS6 subclones.
Subclone/mutation
Primer sequence (5′-3′)
sub-clone pilS6:1

5'- GCTTCACTGCCGCAATTCGTTTCGCCG -3'
5'- CCGGTGGAAATTAATATATCGA -3'

subclone pilS6:2

5'- CCGAACCGATTTGAAAGCAA -3'
5'- CCGGTGGAAATTAATATATCGA -3'

subclone pilS6:3

5'- GACGCCGTCAAAGACGTCACCGGC -3'
5'- CCGGTGGAAATTAATATATCGA -3'

subclone pilS6:4

5'- ATCGAAACCAAGCACCTGC-3'
5'- CCGGTGGAAATTAATATATCGA -3'

subclone pilS6:6

5'- GCGGACAGCCGGTTACGCGCGACA -3'
5'- CCGGTGGAAATTAATATATCGA -3'

subclone pilS6:SM1

5'- GCGGACAGCCGGTTACGC -3'
5'- CCGGTGGAAATTAATATATCGA -3'
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Table 7. Oligonucleotide primers used to generate pilS6 point mutations.
pilS6:4 -35 point mutations

5'-CACCTGCCGTCAACCTGCCCGGCTTTCCGCTCGGTTCGGTAAAATGGTTC -3'
pilS6:4 -10 point mutations

5'- GTTGCTTTCAAATCGGTTCGGTACCATGGTTCTGCGGACA -3'
pilS6:6 bmut point mutations

5'- TTCCACGGCCGCCCGCGGCCGCCCGGGCGGCTTGTC -3'
pilS6 266mutA point mutations

5'- ATCAACCCGGGCGGCTTGTCGGGCCCGGGTTTGCAAGGCGGGCGGG -3'

3.1.3 Northern blot analysis

In order to perform Northern blot analysis, the total RNA preparations were fractionated
on 1.0 % agarose gels containing 1.1 M formaldehyde using 1× MOPS buffer containing 1.1 M
formaldehyde. Prior to blotting, the gels were washed in DEPC-treated water for 5 min, followed
by 45 min in 0.5 M NaOH/1.5 M NaCl, followed by 45 min in 0.1M Tris pH 7.4 and a final
washing for 1 h in 20× SSC. All solutions were prepared with DEPC-treated water. The RNAs
were transferred to nitrocellulose membranes by capillary action using 20× SSC as buffer.
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Strand-specific oligonucleotides (Table 8) were end-labelled with [ 32P]-γ-ATP using T4
polynucleotide kinase (New England Biolabs). Following hybridization with the labelled primers
(Table 8), blots were washed under high stringency conditions (0.1 % SSC at 40 °C).

3.1.4 qRT-PCR analysis

Total RNA samples were prepared from cells grown on solid medium for 12 h.
Subsequent RNA purification, cDNA synthesis and qRT-PCR reactions followed standard
protocols (Wachter et al., 2015). The fold difference was computed assuming 100 % PCR
amplification efficiency which leads to a doubling of template per cycle (manufacturers guide;
Stratagene). The oligonucleotide primers that were used are described in Table 8.
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Table 8. Oligonucleotides used in qRT-PCR analysis and nucleic acid blotting
Oligonucleotide
Sequence (5′-3′)
245

5'-GCCTTTTTGAAGGGTATTCAT-3'

246

5'-CAGGTTGACGGCAGGTGCTTG-3'

09306

5'-AACGGCGTCGTTACCGCCACA-3'

09307

5'-AAAAAACTCTCCCTGTGGGCCAGGC-3'

09266

5'-TGGTTCTGCGGACAGCCG-3'

09085

5'-CAGGTTGACGGCAGGTGC-3'

14010

5'-CACCGTCACCGCCGACGGCAC -3'

SM1

5'-GCGGACAGCCGGTTACGC-3'

12113

5'- CTGCCGCGACACTTCATCAGCCGG-3'

13335

5'-ATATTACCCGAATAACGGCAAATGGC-3'

13336

5'-GCCGAATAAGGCAAATTAGGCCTTAAAT-3'

recAfor

5'-GCCATCATGAAAATGGACGGCAGCCAGCAGGAAG-3'

recArev

5'-CTGGCATTGGGCGACGGCTTCGAGGCAGAGTGTGG-3'

Sma/Cla III

5′- CCGGTGGAAATTAATATATCGAT -3′

14134 (ampRF)

5′- CCAGATGGTAAGCCCTCCCGTATCGTAGTTA - 3′

14135 (ampRR)

5′- TCGTTCATCCATAGTTGCCTGACTCCCCGTC -3′

09172

5′- ATGAATACCCTTCAAAAAGCCTTTACCCTTATC -3′

09173

5′-TTGACCTTCGGCCAAAAGGATGGCTTCGGAAAC-3′
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3.1.5 Promoter analysis

To determine potential promoter sequences that gave rise to pil- and opa-derived sRNAs,
sequences spanning 100 base pairs upstream of these sRNA were analyzed. Therefore, a total of
177 pil sequences and 70 opa sequences were analyzed for potential promoter regions that were
responsible for the ambiguous sRNAs detected within these genes. Tools available from MEME
(Multiple EM for Motif Elicitation) Suite were used to determine significant enriched sequences
(motifs) present within the putative pil and opa promoter regions (Bailey and Elkan, 1994;
Bailey et al., 2009). A local installation of meme version 4.10.0 was used for primary analysis of
potential motifs (Bailey and Elkan, 1994; Bailey et al., 2009). For this analysis, a zero or one
occurrence model was used to detect motifs spanning between 5 and 20 bases with an E-value
threshold of 0.001. Additionally, sequence composition was examined by determining the
frequency of bases within the putative promoter regions. These sequences were also analysed to
detect any regions bearing sequence similarity to the Pribnow box, as this sequence was found to
be highly conserved within promoter elements of N. gonorrhoeae (Remmele et al., 2014). A
multiple sequence alignment of these regions was performed with mafft and the sequence
alignment was visualized with the WebLogo server (Crooks et al., 2004; Katoh, 2013).

3.1.6 Construction and complementation of the asRNA7 ermC-insertion knockout mutants
Regions upstream of the pilE 5′ UTR in N. gonorrhoeae MS11 were disrupted with ermC
insertions. The resulting deletion constructs (∆asRNA7::ermC1-6) were then tested for
transcription of full-length pilE message through Northern blot and end-point reverse
transcriptase PCR (RT-PCR) analysis. Complements of these insertional deletions were created
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through the introduction of the deleted region into the upstream opaE locus. The deletions and
complements (∆asRNA7::ermC::opaE::asRNA7::kan1-3) were analyzed via qRT-PCR. To
determine the translational efficiency of these insertion mutants, a cat gene was translationally
fused to the 3′ end of pilE and chloramphenicol resistance and competency were assessed. pilE
transcript stability of wild-type, ∆asRNA7:ermC5-6, and
∆asRNA7::ermC::opaE::asRNA7::kan1-3 complements were determined through transformation
efficiency and phenotypic assays.
3.2 Results
3.2.1 Characterization of a sRNA involved in pilE regulation
Due to the prevalence of inter-genic sRNA transcripts within the MS11 chromosome,
potential trans-acting regulators of pilE expression were examined. Further investigation of
regions flanking the pilE gene revealed the presence of an asRNA, called asRNA7, within the
intergenic region upstream of the pilE 5′ UTR (Fig. 6A), the presence of asRNA7 was confirmed
through Northern blot analysis with a probe designed to bind to the putative antisense RNA (Fig
6B). in vitro transcription utilizing a DNA template that contains the putative antisense RNA
sequence demonstrated that antisense RNA is transcribed within this region upstream of the pilE
promoter (data not shown). A series of pilE::cat translational fusions coupled with ermC
insertional mutations placed at regular intervals upstream of the pilE promoter (regions 1-6 in
Fig. 7A) revealed that not all insertions abolished pilE transcription (Fig. 7B). However, cells
possessing insertions at regions 5 and 6 within bp 2109868-2109948 of the chromosome
(corresponding to constructs ∆asRNA7::erm5 and ∆asRNA7::erm6) contained undetectable
levels of pilE transcript at the 5′ end, yet still possessed pilS-derived RNAs as determined by
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Northern blot (Fig. 7B). While pilE transcript could still be detected within insertional mutants 5
and 6 using the more sensitive end-point RT-PCR assay, translational efficiency of cells
containing inserts was greatly reduced as these cells displayed neither chloramphenicol
resistance, nor competence (Fig. 7C). As the 5′ UTR of pilE has been determined to form
secondary loop structures which occlude the ribosomal binding site in vivo (Fig. 8A), the binding
of asRNA7 to this region could potentially alleviate these secondary structures and expose the
ribosomal binding site, therefore up-regulating translation. Subsequent hybridization analysis of
asRNA7 to the 5′ UTR of pilE revealed favorable binding with a ∆G = -28.7 kcal mol-1 (Fig.
8B). This indicates that asRNA7 may be involved in stabilizing pilE mRNA as well as
facilitating pilE translation, perhaps by exposing the ribosomal binding site.
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Figure 6. Sense and antisense sRNAs mapping to N.gonorrhoeae MS11 and Northern blot
analysis probing for upstream antisense RNAs.
(a) sRNA transcripts mapping upstream and within the 5′ region of pilE are shown. Antisense
transcripts are shown in red and sense transcripts are shown in green. The IHF binding site is
shown in blue, the pilE promoter is shown in yellow (P1), the RBS binding site is shown in
orange, and the 5′ conserved region is shown in black. (b) RNA from N. gonorrhoeae were
subjected to Northern blot analysis used a pilE-specific probe to reveal pilE transcript and a
probe designed to anneal to regions upstream of the native pilE promoter to confirm the presence
of antisense RNAs.
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Figure 7. Effect of upstream insertions on pilE transcription and translation.
(a) Schematic of the pilE gene showing the relative positions of the ermC insertions and cat
translational fusion. (b) Transcriptional analysis of pilE with Northern blot utilizing a 5′ and 3′
probe (probes 245 and 246) and reverse transcriptase PCR (rt PCR) of wild-type and
∆asRNA7:ermC1-6 cells. (c) Analysis of the translation of full-length pilE transcript including
the cat translational fusion as determined by resistance to chloramphenicol and competence of
wild-type and ∆asRNA7:ermC1-6 cells.
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Figure 8. Predicted secondary structures of N. gonorrhoeae MS11 RNAs.
(a) Predicted stem loops formed within the pilE 5′ UTR, the secondary structure within the third
loop is predicted to occlude the ribosome binding site (designated as rbs) (b) Predicted
interactions of asRNA7 and pilE 5′ UTR mRNA, asRNA7 has the potential to bind the 5′ UTR of
pilE and expose the ribosomal binding site. The sites of the ermC insertions 4, 5, and 6 are
indicated by arrows on the figure. This predicted interaction would be energetically favorable,
with a ∆G = -28.7 kcal mol-1.
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Complementation of ∆asRNA7::ermC 6 was accomplished through the insertion of the
region encoding asRNA7 into the opaE locus resulting in three
∆asRNA7::ermC6::opaE::kan::DUS::asRNA7 transformants that all displayed a piliated
phenotype (data not shown). Further investigation into the stability of the pilE message utilized
qRT-PCR to measure transcript levels within a wild-type background, an insertional deletion
construct (∆asRNA7::erm6), and three asRNA7 complements
(∆asRNA7::erm6::opaE::asRNA7::kan1-3). qRT-PCR data confirmed the previous
∆asRNA7::ermC6 Northern blot and RT-PCR analysis as pilE transcript levels were drastically
reduced by about 4 logs when compared to wild-type cells. Additionally, the levels of pilE
transcript within the ∆asRNA7::erm6::opaE::asRNA7::kan1-3 complements was restored back
to wild-type levels (Fig. 9). These results indicate that asRNA7 is involved in stabilizing and
protecting the pilE message from degradation.
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Figure 9. qRT-PCR analysis of asRNA7.
qRT-PCR analysis of wild-type (WT), an asRNA7 deletion (∆asRNA7:ermC6), and asRNA7
compliments 1, 2, and 3 (∆asRNA7:ermC6:opaE:asRNA7:kan1-3) utilizing primer pairs specific
for recA and the 5′ end of pilE. The number of biological replicates is two and the number of
technical replicates is 6. The relative log difference as compared to an external RNA3 control is
shown along with the calculated P-value.
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3.2.2 Molecular characterization of transcription from the MS11 pilS6 locus
As a trans-encoded sRNA was determined to be involved in pilE regulation, the novel
pil-specific cis-encoded sRNAs were investigated. N. gonorrhoeae strain MS11 contains five
different pilS loci within the chromosome (Haas and Meyer, 1986; Haas et al., 1992).
Consequently, investigating individual pilS promoter usage in gonococci initially proved to be
problematic. However, a recombinant approach alleviated such problems. The MS11 pilS6 locus
was chosen for a more in-depth analysis of its transcription profile. pilS6 contains three pil gene
copies (Haas et al., 1992). Variously sized fragments of the pilS6 locus were cloned into a
pSMART vector where overspill transcription from other genes located on the plasmid is
prevented by the presence of transcriptional terminators that flank the multiple cloning site. An
initial qRT-PCR analysis of these various subclones provided a crude assessment as to the
location of the promoter elements. Two subclones were subsequently selected for further study
(pilS6 : 4 and pilS6 : 6; for schematic, see Fig. 10A). A promoter was identified in plasmid
pilS6 : 4 within the copy 2 pil segment. This putative promoter yielded RNA when assessed by
qRT-PCR analysis with a greatly reduced signal in the pilS6 : 6 construct where the promoter was
absent (Fig. 10B). Site-directed mutagenesis was employed to mutate the putative promoter,
which eliminated the majority of RNA that arose from the construct (Fig. 10C and D).
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Figure 10. In-depth investigation of the pilS6 locus of strain N. gonorrhoeae MS11.
(a) Schematic representation of the pilS6 : 4 and pilS6 : 6 constructs cloned from N.
gonorrhoeae MS11 pilS locus. The vertical lines designating pilS6 : 4 and pilS6 : 6 indicate the
ends of the cloned DNA fragments. The location of the primer pairs utilized in qRT-PCR are
indicated. The white boxes represent constant regions, striped boxes represent the semivariable
regions and double-striped boxes represent the hypervariable regions. The numbers beneath the
figure indicate the relative location within the entirepilS6 locus as previously described (Haas et
al., 1992). Tsp indicates the transcription start point. (b) qRT-PCR analysis of the recombinant
clones pilS6 : 4 and pilS6 : 6 using the indicated primer pairs. The number of biological replicates
is three and the number of technical replicates is ten.
Continued on following page.
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Figure 10 (continued). In-depth investigation of the pilS6 locus of strain N. gonorrhoeae MS11.
(c) Schematic representation of the sequence changes within the putative promoter in the pilS6 : 4
construct following site-directed mutagenesis. (d) qRT-PCR analysis following site-directed
mutation of the putative promoter using the defined primer pairs. Bars represent means+ SD
(Wachter et al., 2015).

However, pil-specific RNA was still detectable in pilS6 : 6 (Fig. 10B). Northern analysis
was then performed on total RNA extracts from pilS6 : 4 and pilS6 : 6 cultures using strandspecific oligonucleotide probes (Fig. 11B). pilS6 : 4 yielded a sense transcript, whereas an
antisense transcript was observed from pilS6 : 6 (Fig. 11A); production of antisense RNA
apparently arising from a hitherto silent promoter which was present in the pilS6 : 4 construct.
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Two closely linked antisense promoters were identified immediately downstream of pilS6 copy 1
(Fig. 11B and C). Site-directed mutagenesis of each putative promoter eliminated antisense RNA
production (Fig. 11D). Therefore, from this analysis we conclude for the MS11 pilS6 locus that,
(i) both sense and antisense RNA is produced; (ii) the transcriptional profile varies depending
upon the presence or absence of promoter elements; and, (iii) a hierarchy appears to exist with
regard to promoter usage when all promoters are present.
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Figure 11. Analysis of antisense promoter located at the 3′ end of pilS6 gene copy 1.
(a) Northern blot analysis of the pilS6 : 4 (lane 1) and pilS6 : 6 (lane 2) constructs. Total RNAs
were prepared and probed with a sense and antisense oligonucleotide probes. (b) Schematic
representation of the constant regions (underlined in red) containing the verified sense promoter
in pilS6 copy 2 and the putative antisense promoter in pilS6 copy 1. All mutational constructs are
italicized and bolded. All minicassettes are shown in grey. The Sma/Cla repeat is shown in light
yellow. (c) qRT-PCR analysis following site-directed mutagenesis of the putative anti -sense
promoters using the indicated primers. The number of biological replicates is three and the
number of technical replicates is ten. Bars represent means+ SD (Wachter et al., 2015).
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Confirmation of the experimentally determine pilS6 promoter element within a
recombinant setting utilized the small transcriptomic analysis. The pilS6-specific sRNAs were
extracted from the sequences and are displayed using RNA Seq where multiple sense and
antisense RNAs were observed (Fig. 12), and correspond to the sRNAs identified within a
recombinant context. However, the sensitivity of the transcriptomic analysis allowed other pilS6derived RNAs to be identified as well. Therefore, these data confirm the previous recombinant
analysis and demonstrate that in WT gonococci, the pilS6 locus actively engages in transcription.
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Figure 12. Small unambiguous RNAs mapping to the pilS6 locus in N. gonorrhoeae MS11.
Small RNAs were isolated from N. gonorrhoeae strain MS11. RNA Seq analysis was employed
to retrieve unambiguous transcripts that mapped to the pilS6 locus. Gonococcal transcripts that
mapped sense to the pilS6 locus are shown as green, while antisense transcripts are shown as red.
The pilS6 copies are shown in light blue ( pilS6c3), purple ( pilS6c2) and brown ( pilS6c1), while
the location of the minicassettes are shown in light grey (semivariable) and dark grey
(hypervariable). The location of the experimentally verified pilS6c2 promoter is shown in yellow
with the direction of ensuing transcripts shown with the faint grey arrow. Conserved regions in
the pilS6 locus that share sequence identity to the pilS6c2 promoter are also shown in yellow
with grey arrows indicating the direction of transcription. The experimentally verified anti-sense
promoter is shown in orange with a grey arrow indicating the direction of transcription. The
primer pairs utilized for qRT-PCR transcript detection from the pilS6c2 promoter are shown
above (Wachter et al., 2015).
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3.2.3 Computational promoter analysis
Following identification of non-canonical promoter elements within the pilS6 loci, the
WT small RNA transcriptome from strain MS11 was further interrogated to extract other pil- and
opa-specific RNAs (Tables 9 and 10). Analysis of 13 pilS gene copies revealed multiple pilspecific sRNAs within the cell. Transcript amounts varied depending upon the pilS gene copy,
with sense sRNA apparently being more abundant overall than antisense sRNAs. Interestingly,
sense and antisense sRNA was also observed at the pilE locus (Table 9). Additionally, both sense
and antisense transcripts were mapped to the opa loci, and similar to pil, while transcript
amounts varied among opa genes, typically sense sRNAs are present in higher quantities than
antisense sRNAs (Table 10). Promoter searches were performed for the various pilS and
opa sRNAs and focused on regions spanning 100 base pairs upstream of pil- and opa-derived
sRNAs, as previous small transcriptome promoter analysis had revealed a high incidence of noncanonical promoter usage (Wachter and Hill, 2015). Primary pil motif analysis revealed that the
experimentally verified pilS6 promoter sequence was present within one of the most abundant
motifs (n = 19) within the dataset. Further analysis utilizing the Fisher’s exact test identified short
regular expression motifs within the primary pil motif dataset, where two prevalent motifs were
identified that may act as promoter elements (Fig. 9). The first motif, 5′–GTAAAAT–3′
(n = 34, P-value = 2.3×10−10) shares sequence similarity to the identified pilS6 promoter elements,
while the second motif 5′–ATATT–3′ (n = 34, P-value = 1.3×10−10) bears slight homology to the
Pribnow box and complete homology to a previously experimentally verified pilE mid-gene
promoter (Masters et al., 2016). Analysis of opa-derived sRNAs identified a single motif bearing
slight homology to the Pribnow box (Fig. 13). However, the majority of these putative promoter
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regions lacked a canonical Pribnow box sequence, which may indicate that these intragenic piland opa-specific promoters differ from the majority of protein coding genes.

Table 9. Combined length and quantity of ambiguous N. gonorrhoeae MS11 pil-specific sRNAs
Transcripts sense to pil genes
pil

Transcripts antisense to pil genes

Combined length of all sRNAs*

TPM

Combined length of all sRNAs*

TPM

pilS7

309

9

423

1

pilS6c3

280

531

297

1

pilS6c2

128

626

93

2

pilS6c1

411

3

393

3

pilS5

368

666

496

1

pilS2c2

61

51

369

66

pilS2c1

419

1

339

1

pilS1c6

173

113

33

1

pilS1c5

329

2

268

28

pilS1c4

329

7

312

24

pilS1c3

340

114

307

12

pilS1c2

388

42

280

22

pilS1c1

479

23

421

1

pilE

573

50

587

97

(Wachter et al., 2015)

57

Table 10. Combined length and quantity of ambiguous N. gonorrhoeae MS11 opa-specific
sRNAs
Transcripts sense to opa genes

opa

Transcripts antisense to opa genes

Combined length of all sRNAs*

TPM

Combined length of all sRNAs*

TPM

NGFG_02258

407

142

143

23

NGFG_02259

173

1051

53

7

NGFG_00369

448

68

421

34

NGFG_02330

352

213

291

181

NGFG_02338

58

36

74

32

NGFG_02351

123

406

-

-

NGFG_02406

77

43

24

7

NGFG_02238

488

27

359

101

NGFG_02435

262

226

144

20

NGFG_02467

24

7

56

7

NGFG_02468

83

34

35

30

*For Tables 9 and 10, combined length includes unambiguous reads coupled to ambiguous reads,
which primarily consist of the constant gene segments located within opa genes.
TPM, Number of transcripts per million mapped reads.
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Figure 13. pil and opa promoter motifs.
Common detected motifs within putative promoter regions spanning 100 base pairs upstream of
detected pil (a and b) and opa (c) sRNAs. (a) pil Motif 1, n =34, P-value = 2.3 x 10-10. (b) pil
Motif 2, n = 31, P-value = 1.3 x 10-10. (c) opa Motif 1, n = 10, P-value = 4.1 x 10-89.

3.3 Discussion
Despite the fact that the pilE gene possesses three functional promoters, albeit only one
of which is utilized in the gonococcus, plus the presence of an IHF binding site, which, when
absent causes an approximate tenfold reduction in pilE transcript levels, very little regulation
apparently has been defined. An alternative regulatory scheme could be at the level of transcript
stability, as various seRNAs and asRNAs were mapped to pilE and multiple pilS loci (Fig. 3 and
5). Initial exploration utilizing a growth phase experiment clearly demonstrated pilE transcript
turn-over with transcription reinstated only when cells were subcultured into fresh medium (data
not shown (Wachter et al., 2015)). Additionally, multiple pil-specific RNAs became evident

59

when the 3′ end of the pilE transcript was examined, with transcriptome analysis of wild-type
and ∆rppH cells revealing that turnover of the full-length message is not involved in their
formation, and instead these novel small RNAs arose due to active transcription from
the pilS loci (Fig. 4 and Table 9). Consequently, the paradigm that was established for the pilin
antigenic variation scheme, where pilE was believed to be the only transcribed pil gene within
the chromosome, now requires re-evaluation (Haas and Meyer, 1986; Meyer et al., 1984).
From the small RNA transcriptome analysis, multiple pil gene copies were found to
produce sense and antisense sRNAs (Table 9). Initial attempts at analyzing the transcripts in total
gonococcal RNA extracts using RNA ligation, as well as 5′ and 3′ RACE analysis proved to be
problematic due to the number of pilS-specific transcripts that are found in the cell and the
relative high degree of similarity between the pilS gene copies (data not shown (Wachter et al.,
2015)). Consequently, a recombinant approach initially allowed specific promoters to be
molecularly characterized within an individual pilS locus. The identification of the pilS6 : 4 sense
promoter (Figs. 10-12) proved to be illuminating as the −10 region (–TAAAAT–) is present in
all pilS gene copies as well as in all pilE genes as this stretch of nucleotides is located within a
constant region within the variable gene segments (it is the segment of DNA that specifies the 5′
cysteine residue in the PilE polypeptide). Similarly, the identification of the downstream
promoters in pilS6 : 6 are also conserved between the pilE locus and all the pilS loci, as
a Sma/Cla repeat element is found downstream of each pil locus (Figs. 11 and 12).
Consequently, there appears to be conservation of these three characterized promoter elements.
Whether these potential promoters are actually utilized in a constitutive manner in the
gonococcus is currently unknown, especially as promoter silencing appeared to occur when
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pilS6 : 4 and pilS6 : 6 transcription was compared; transcription from the downstream antisense
promoters in pilS6 : 4 was not observed when the pilS6 : 4 sense promoter was active (Fig. 12A).
However, subsequent RNA Seq analysis confirmed the presence of these pilS6-derived sRNAs in
WT gonococci (Fig. 13) and further identified multiple other pil-specific sRNAs within the
gonococcus (Table 9).
Therefore, further analysis of the small RNA transcriptome data revealed that promoters
giving rise to sRNAs did not appear to conform to conventional established rules as these
elements often did not reside immediately adjacent to the identified sRNA transcripts (Fig. 2).
Furthermore, exact spacing between −35 and −10 elements, if a −35 element was present, was
rarely observed as is the case with the experimentally identified promoter in pilS6 : 4.
Consequently, in light of these previous observations, promoter analysis of the gonococcal small
RNA transcriptome focused on regions spanning 100 base pairs upstream of pil-derived sRNAs.
Primary motif analysis revealed that the experimentally verified pilS6 : 4 promoter sequence was
present within one of the most abundant motifs (n = 19) within the dataset, as would be expected
due to its location within one of the conserved segments of pil genes. Further analysis to identify
short regular expression motifs within the primary motif dataset utilizing the Fisher’s exact test
revealed two significantly prevalent motifs that may act as promoter elements. The first motif,
5′–GTAAAAT–3′ (n = 34, P-value = 2.3×10−10) shares sequence similarity to the
identified pilS6 promoter elements, while the second motif 5′–ATATT–3′ (n = 34, P-value =
1.3×10−10) bears slight homology to the Pribnow box (Fig. 13). However, as previously
observed, the majority of these putative promoter regions lacked a conserved Pribnow box
sequence.
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Unambiguous pilS-specific transcripts could also be identified in the whole
transcriptomes of gonococcal strains FA1090 and NCCP 11945, as well as in the class II
meningococcal strain FAM18 (Fig. 4). The demand for absolute identity between the sRNAs and
the corresponding pilS gene copy reduced the number of identified transcripts, as transcripts
were found to map to additional pilS gene copies when the stringency of RNA Seq analysis was
relaxed (data not shown). Besides pilS-specific RNAs, small sense and antisense RNAs were
also observed at the pilE locus in each of the Neisseria strains. However, there appears to be no
conformity regarding pilS transcription between the investigated whole RNA transcriptomes of
different Neisseria strains and species, indicating that even though –TAAAAT– is present in
each pilS gene copy, it is not universally utilized as a promoter element, which may reflect
differences in the upstream DNA harboring the −35 element as this stretch of DNA is located
within the variable segments of the pil genes.
The demonstration of pilS transcripts, both sense and antisense, is a prime example of a
new phenomenon known as pervasive transcription. Pervasive transcription has emerged as a
major theme in transcriptomics following the advent of deep RNA sequencing technologies
(Sorek and Cossart, 2010). As many of the newly identified RNAs map outside of conventional
gene boundaries, pervasive transcription was initially thought to be an artefact of the sequencing
process. However, with the availability of more transcriptomes for analysis, across multiple
genera of bacteria, the identification of transcription start sites in non-conventional locations
within a gene has become a common feature (Wade and Grainger, 2014). Currently, no
consensus has been reached on the role of pervasive transcription (Sorek and Cossart, 2010;
Wade and Grainger, 2014). However, given that its occurrence has not been selected against in
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prokaryotes, and that many of the small RNAs arise from intragenic promoters yielding antisense
RNAs that can theoretically pair with the sense transcript, it is suggested that these novel small
RNA molecules may play a role in RNA regulation (Lasa and Villanueva, 2014; Lybecker et al.,
2014). If duplex RNAs are created between the sense transcript and these small antisense RNAs,
these molecules would provide substrates for RNase III degradation. With respect to
the pil system, regulation of pilE expression does not appear to involve a classic regulator
protein. Therefore, the presence of multiple antisense RNA species within the cell could bind to
the pilE sense transcript in vivo, these transcripts may act in a regulatory manner to maintain
optimal levels of pilE sense RNA. Recent studies into the roles of two pilE-derived asRNAs (one
that arises from a mid-gene promoter and one that arises from a 3′ end promoter) has revealed
that both of these asRNAs regulate the level of full-length pilE message as an inverse correlation
between the amount of sense and antisense pilE transcripts was observed (Masters et al., 2016).
Furthermore, duplex RNA formation may also regulate expression of PilE polypeptide by
impeding efficient translation of the sense transcript through occlusion of the ribosome-binding
site on the message. Consequently, there exists the potential for multiple, overlapping layers
of pilE regulation due to pervasive transcription occurring within the pilS loci.
It has also been suggested that pervasive transcription may allow genomes a certain
degree of plasticity (Wade and Grainger, 2014). As shown in Fig. 11A, the loss of the sense
promoter in plasmid pilS6 : 6 allowed a hitherto silent antisense promoter to be utilized. Such
on/off promoter switching could provide a multi-layered effect with respect to gene expression.
Consequently, pervasive transcription may allow for new gene functions to emerge that may
prove beneficial to the cell through the use of unorthodox promoters located within a gene.

63

Alternatively, because transcription-coupled DNA repair occurs in most species, then
promiscuous transcription may also be a mechanism that reduces the mutation load within a cell,
as the repair machinery is actively being recruited to otherwise transcriptionally silent regions of
the chromosome (Wade and Grainger, 2014).
In addition to putative roles in pilE transcriptional regulation, sRNAs may also act to
regulate translation of the message. Translational activation by sRNAs is typically accomplished
by complimentary binding that subsequently alleviates native inhibitory secondary structures
within the message (Storz et al., 2011). These sRNAs are typically trans-encoded, and therefore,
generally require the assistance of the RNA chaperone Hfq (Storz et al., 2011). As the 5′ UTR of
pilE has been shown to produce loop structures believed to occlude the ribosomal binding site in
vivo (Fig. 8A), binding of sRNAs to relieve these loops could potentially up-regulate PilE
expression. Additionally, as ∆hfq deletion mutants display reduced levels of piliation and contain
lower quantities of detectable PilE peptides than wild-type cells (Dietrich et al., 2009), it is
probable that translation of the pilE message is induced upon binding of a regulatory sRNA
through the aid of Hfq. Investigations into potential trans-encoded sRNA regulators of pilE
translation revealed a small sRNA (asRNA7) directly upstream of the pilE 5′ UTR, which was
confirmed through Northern blot analysis (Fig. 6). Further investigation revealed energetically
favorable binding (∆G = -28.7 kcal mol-1) of asRNA7 to loops 1 and 2 within the pilE 5′ UTR
(Fig. 14B). As subsequent insertions of ermC into regions upstream of the pilE native promoter
reduced detectable levels of pilE transcription and translational products (Fig. 6), asRNA7
appears to stabilize and up-regulate translation of the pilE message. As complementation of a
ermC insert into asRNA7 was found to restore transcription of pilE (Fig. 9), evidence suggests
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that transcription and translation of pilE message is regulated through a trans-encoded small
RNA.

4. EVOLUTIONARY ANALYSIS
4.1 Materials and methods
4.1.2 Data acquisition of pil and opa sequences for computational analysis
All sequences were obtained through the National Center for Biotechnology Information
genome database (ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/) between April 14, and June 23,
2015. This analysis included pil and opa genes from 20 fully and partially sequenced strains of
Gc along with 20 fully and partially sequenced strains of Mc (Table 11). Annotated nucleotide
and amino acid sequences obtained from these strains were used as a database to conduct a
BLAST homology search (10-3 e-value cutoff) (Altschul, 1997). Collectively, the annotated and
BLAST-inferred sequences included 381 pil genes and 206 opa genes from Neisseria (Gc: pil n
= 237, opa n = 119; and, Mc: pil n = 144, opa n = 87).
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Table 11. The species and strains of Neisseria containing the opa and pil genes utilized in this
study. The species and strain of Neisseria is given along with the Genbank accession number.
Strain
N. gonorrhoeae 3502
N. gonorrhoeae DGI2
N. gonorrhoeae DGI18
N. gonorrhoeae e0304

N. gonorrhoeae F62

N. gonorrhoeae FA1090
N. gonorrhoaee FA19
N. gonorrhoeae FA6140
N. gonorrhoeae i1905

N. gonorrhoeae m07.05

N. gonorrhoeae MS11
N. gonorrhoeae n0108

N. gonorrhoeae NCCP11945
N. gonorrhoeae NG05

N. gonorrhoeae PID1
N. gonorrhoeae PID18
N. gonorrhoeae PID241
N. gonorrhoeae PID332
N. gonorrhoeae SK92679
N. gonorrhoeae SK931035
N. meningitidis 053442
N. meningitidis 510612
N. meningitidis 8013

Genbank Accession
NZ_DS999992.1
NZ_GG749039.1, NZ_GG749050.1
NZ_EQ972648.1, NZ_EQ972649.1, NZ_EQ972673.1,
NZ_EQ972688.1
NZ_JFAZ01000037.1, NZ_JFAZ01000068.1, NZ_JFAZ01000083.1,
NZ_JFAZ01000088.1, NZ_JFAZ01000090.1, NZ_JFAZ01000093.1,
NZ_JFAZ01000096.1, NZ_JFAZ01000097.1, NZ_JFAZ01000111.1
NZ_GG749348.1, NZ_GG749356.1, NZ_GG749357.1,
NZ_GG749358.1, NZ_GG749359.1, NZ_GG749374.1,
NZ_GG749379.1, NZ_GG749380.1, NZ_GG749381.1,
NZ_GG749389.1, NZ_GG749392.1
NC_002946.2
NZ_KI391931.1, NZ_KI391932.1, NZ_KI391935.1, NZ_KI391936.1
NZ_EQ972720.1, NZ_EQ972724.1, NZ_EQ972731.1
NZ_JFBA01000012.1
NZ_JFBA01000071.1, NZ_JFBA01000083.1, NZ_JFBA01000091.1,
NZ_JFBA01000095.1
NZ_JFBB01000008.1, NZ_JFBB01000035.1, NZ_JFBB01000046.1,
NZ_JFBB01000086.1, NZ_JFBB01000106.1, NZ_JFBB01000117.1,
NZ_JFBB01000120.1
CP003909.1, NC_022240.1
NZ_JIBZ01000009.1, NZ_JIBZ01000023.1, NZ_JIBZ01000032.1,
NZ_JIBZ01000055.1, NZ_JIBZ01000064.1, NZ_JIBZ01000066.1,
NZ_JIBZ01000078.1, NZ_JIBZ01000084.1, NZ_JIBZ01000098.1
NC_011035.1
NZ_JPOZ01000008.1, NZ_JPOZ01000014.1, NZ_JPOZ01000032.1,
NZ_JIBZ01000080.1, NZ_JPOZ01000087.1, NZ_JPOZ01000090.1,
NZ_JPOZ01000091.1, NZ_JPOZ01000092.1, NZ_JPOZ01000095.1,
NZ_JPOZ01000101.1, NZ_JPOZ01000105.1, NZ_JPOZ01000123.1
NZ_EQ972883.1, NZ_EQ972906.1, NZ_EQ972920.1,
NZ_EQ972921.1, NZ_EQ972922.1
NZ_EQ972836.1
NZ_EQ972931.1, NZ_EQ972933.1, NZ_EQ972981.1
NZ_EQ972989.1, NZ_EQ972994.1, NZ_EQ972998.1,
NZ_EQ973009.1, NZ_EQ973017.1, NZ_EQ973024.1
NZ_EQ973035.1, NZ_EQ973057.1, NZ_EQ973070.1
NZ_EQ973081.1, NZ_EQ973086.1
NC_010120.1
NZ_CP007524.1
NC_017501.1
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Table 11 (continued). The species and strains of Neisseria containing the opa and pil genes
utilized in this study.
Strain
N. meningitidis alpha14
N. meningitidis alpha710
N. meningitidis FAM18
N. meningitidis H44/76
N. meningitidis LNP21362
N. meningitidis M01240149
N. meningitidis M01240355
N. meningitidis M04240196
N. meningitidis M10208
N. meningitidis M7124
N. meningitidis MC58
N. meningitidis NM3682
N. meningitidis NM3683
N. meningitidis NZ-05/33
N. meningitidis WUE2594
N. meningitidis Z2491

Genbank Accession
NC_013016.1
NC_017505.1
NC_008767.1
NC_017516.1
NZ_CP006869.1
NC_017514.1
NC_017517.1
NC_017515.1
NZ_CP009422.1
NZ_CP009419.1
NC_003112.2
NZ_CP009420.1
NZ_CP009421.1
NC_017518.1
NC_017512.1
NC_003116.1

4.1.2 Amino acid and nucleotide alignments
pil and opa sequences were parsed based on characteristic elements of each gene (ie. the
minicassettes of pil, the variable regions of opa). Such editing left 219 pil gene sequences (Mc: n
= 71; Gc: n = 148) and 86 opa gene sequences (Mc: n = 17; Gc: n = 69). The strains and
accession numbers can be found in Table 5. The parsed amino acid sequences were subjected to
alignment utilizing MAFFT version 7.245 (Katoh, 2013), allowing 2 alignments to be
constructed between Pil and Opa sequences. These amino acid alignments were used to assemble
nucleotide sequences into codon alignments through the use of PAL2NAL (Suyama et al., 2006)
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(Tables 12 and 13). For downstream analysis, phylogenies of the nucleotide alignments were
constructed using FastTree version 2.1.8 (Price et al., 2010).

Table 12. Multiple sequence alignment of 219 pil genes from sequenced Neisseria gonorrhoeae
and Neisseria meningitidis strains.
>NMCC_RS00125_copy1
------ACCGAGTATTACCTGAATCACGGCATATGGCCAAAAAACAATACTTCTGCCGGC
GTGGCATCC---ACCCCCTCCGACATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAGAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------AACGACACCGCCAAAGAC
GACGTTGCCGCCGACAACGACGCC------------------ACCAAGAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCACAAAAACA---------------------------------------->NMCC_RS00125_copy2
------CCCGAGTATTACCTGAATCACGGCAAATGGCCTGACGGCAACAGTAATGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCATTACCGCCACAATGCTTTCAACCGGCGTAAACAAC
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------AACGCCAAAGCCGCCAACGCCGAC
GACGTCGCCGCCGACGAC------------------------ACCAACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCATCATCTGCCAGCCGTACAAAAACACCCGGTTTCGCT
TTCAAATACTTCCAAAAA----------->NMCC_RS00120
---------------ATTCCCACTTTCGTGGGAATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------TCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCATTACCGCCACAATGCTTTCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGAGCGC---------------------GCCGCCAAAGACGAC
ACCATCAAAGCCGCCACCGACACC------------------ACCACCAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------AATGAATCAACTGCCGGTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC-------------->NMO_RS08075
------ACAGAGTATTACCTGAATCACGGCAAATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCAACC------TCCACCGACATCAAAGGCAAATATGTTCAAAGCGTTGAAGTCAAA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GCCGACGCCAACGGCGCCAACAACGAC
GAAGTCAAAGCCGCCACCGGCACCACCGGCACCACCGGCACCACCGGCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC---------------

Continued on following page.

69

Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NMCC_RS00115
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGCCAACAACAATTCTGCCGGC
GTGGCAACC------TCCGCCAACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAACCGGCGTAAACAAC
GAAATCAAAGGCAAACAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGCGCCAACGCCAACGGCGCCACCAACGCCACCGCCGAC
GGCGTTACCGCCGACAGC------------------------GGCAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCATCATCTGCCAGC---------------------------------------------------->NGMG_RS0106660_copy4
------GCCGGGTATTGCCCGAATCACGGCAAATGGCCGGAAAACAACGACTCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTAAGCAAGTTGAAGTCAAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GACAACGCCGACAACGAC
GACGTCAAAGACGCCGGC------------------------AACAACGGCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAACCAAATGCCGAA---------------------------------------------------->NGBG_RS107625
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCC------GCTTCAGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AAAGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------GACGACAAAGCCGGC
ACCGTCACCGACGCCGCCGGCAAC------------------GACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGGTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC-------------->NGBG_RS107625_copy1
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCC------GCTTCAGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AAAGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------GACGACAAAGCCGGC
ACCGTCACCGACGCCGCCGGCAAC------------------GACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGGTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC-------------->NGBG_RS107625_copy2
------ACCGAATATTACCTGAATCACGGCAAATGGCCATCCGACAATAGTGCCGCCGGC
GTGGCATCC---TCCCCCTCCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------------GCCGCCAAAGACAAAGAC
GACGTCAAAGCCGACGACACCGCC------------------GGCACCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGTTTGC--------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NGBG_RS107610
------ACCGAGTATTACCTGAATCACGGCAAATGGCCGGAAAACAACGACTCTGCCGGC
GTGGCATCC---CCCCCCTCCAACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGAA
---------------AACGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTATCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACGGCCGGTTAAGCGC------GACGACACCGCCGCCAAAGCCGGCACCGAC
AACGGCGGCAAA---------------------------------GGCAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCAAA---------------------------------------------------->NGBG_RS107535_copy1
------GCCGGGTATTGCCCGAATCACGGCGAATGGCCGGAAAACAACGCTTCTGCCGGC
GTGGCATCC---TCCCCCACCGACATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTT------------------ACGCGCGACAACAAAGCCAACGAC
ACCGTTGCCGACGCCGCCGACAAA---------------------GACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG---------------------------------------------------------->NGBG_RS107535_copy2
------GCCGGGTATTACCTGAATCACGGCGAATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTT---------------------------AAGCGCGGCGACGAC
GCCGTCACCGAC------------------------------GCCAACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GACCCGTTCTCTGCTAGC---------------------------------------------------->NGMG_RS16065
------ACCGAGTATTACCTGAATAACGGCAAATGGCCGGAAGACAACGGTAATGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------GACGACGCCGCCGCCAAAGCCGGCACCGAC
GCCGTCACCGCCGACACC---------------------ACCGGCACCAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGCACGAAACACCTCACGCCGATT
TCAAATACTTTCGCCGTT----------->NMA510612_RS01390
---------CCCGTCATTCCCACGAAAGTGGGAATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC---TCCCCCTCCGACATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCATTACCGCCCAAATGGCTTCAAGCAACGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------GACAAAGCCGACGCCGACGCCGAC
GCCGTTACCGCCGACACCGCCGCC------------------AACAAGAAGATCGACACC
AATCAT------TCC---------------CACGAACCTACATCCCGTCATTCCCGCGAA
------------AAGTGGGAA--------------------------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NMA510612_RS01385
---------------------------------------GGATTTAATGATGCCGCCGGC
GTGGCATCC------CCCCACGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGCA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGGCGGTTGCGCGC------------------GCCGACAAAGCCAAAGAC
GACGTCAAAGCCGCCACCGCCAAC------------GGCACCGACGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTACCGGA---------------------------------------------------->NGMG_RS16160
------ACCGAATATTACCTGAATCACGGCAAATGGCCCGCCGACAACGACTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAACCAGACGGCGTAAACAAT
GAAATCAAAGACAAAAAACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GACGACAAAGACAACGAC
ACCGTTGCCGACGCCGCC---------------------GGCAAAGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG---------------------------------------------------------->NGMG_RS16165
------GCCGGGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCGCCTCCAACATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCAAC
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACGGCCGGTTACGCGC------GACAACGCCAACGCCAAAGCCGGCAACGAC
GACGTCGCCAAAGACGCCGGC---------------------AACAACGGCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCT---------------------------------------------------------->NGMG_RS0106660_copy1
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC------TCCGACAAAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------------------ACCGGCAACGACGAC
ACCGTCACCGCCGACGGC------------------------AAAGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCAAA---------------------------------------------------->NMV_RS00100
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCGACATCAAAGGCAAATATGTTCAAAGCGTTACAGTCGCA
---------------AACGGCGTCATTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAAGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTCAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCACCGCCACCGCCACC
GACGTCGCCGCCGCCAACGGCAAG---------------ACCGACGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTGCCAGC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NMV_RS00105
------ACCGAGTATTACCTGAATCACGGCGAATGGCCATCCGACAATAGTGCCGCCGGC
GTGGCATCC------TCCACCGACATCAAAGGCAAATATGTTGCAGGGGTTAAAGTTGAA
---------------AAAGGCGTCATTACCGCCACAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GACAACGCCAAAGCCACCGCCGCCGAC
GCCGTCAAAGCCGACACCGCCGCC---------------AACGACAAAAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCT---------------------------------------------------------->NMV_RS00110
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCGACATCAAAGGCAAATATGTTAAGGAAGTTGAAGTCAAA
---------------AACGGCGTCATTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTCAAATGG
TTCTGCGGACTGCCGGTTGCGCGC---------------GACGACACCGACAGCGCCACC
GACGTCAAAGCCGACACC------------------------ACCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCT---------------------------------------------------------->NMV_RS00115
------ACCGAGTATTACCTGAATCACGGCACATGGCCGAAAAACAACACTTCTGCCGGC
GTGGCATCC---TCCGCCACCGACATCAAAGGCAAATATGTTCAAAGCGTTACAGTCGCA
---------------AACGGCGTCATTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAAGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTCAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCACCGCCACCGCCACC
GACGTCGCCGCCGCCAACGGCAAG---------------ACCGACGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCT---------------------------------------------------------->NGMG_RS0106660_copy3
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GACGACGCCGCCGCCAAAGACGAC
ACCGTCACCGCCGACGCCACCGGC---------------AACGACGGCAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACTTCCAAAAAATCAGCCGTT--> NGMG_RS09945
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGAAAGACAACGCTTCTGCCGGC
GTGGCATCC---CCCCCCACCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------GACAACGCCAAAGACGAC
ACCGTTACCGACGTTGCCGCCGCC------------------AACGAAAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACG-----------------------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGMG_RS16050
------GCCGGGTATTGCCCGAATCACGGCAAATGGTCGGAAAACAACGGTGCTGCCGGC
GTGGCATCC---CCCCCcTCCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCAAAATGAAACCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGGCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------ACCGACGCCAAAGCCGAC
ACCGTTACCGACGTTGCCGCCGCC------------------AACGAAAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG----------------------------------------------------------> NGMG_RS0106630
------GCCGGGTATTGCCCGAATCACGGCATATGGCCGGAAAACAACGACAAGGCCGGC
GTGGCATCC------CCCTCCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCCAAATGAATCCAAGCGGCGTAAACAAT
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GCCGCCGCCGACACCAAAGACGAC
ACCGTCACCGCCGCCAACGACGCC------------GGCAACGGCGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG----------------------------------------------------------> NGCG_RS0111055
------GCCGGGTATTGCCTGAATCACGGCAAATGGCCGGAAGACAACGGCGATGCCGGC
GTGGCATCC------TCCGACAAAATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------GACGACACCGCCGCCAAAGCCGGCACCGAC
GACGTCGCCAAAGACGGC---------------------AACGGCAACGAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NGCG_00143
------ACCGAATATTACCCGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------AACGCCAACGACGAC
ACCGTCACCGCCGACGGCACCGGC---------------AACGACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACGTCATCTGCCGGTACG-------------------------------------------------> NGCG_00142
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGAA
---------------AAAGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GACAACGCCAACGCCGCCAACGACGAC
ACCGTCACCGCCGACACCGACACC------------------AACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------------------------TGCTTTCAAATC-----------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGCG_01939
------ACCGAGTATTACCTGAATAACGGCAAATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCC------CCCGCCGAAATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GGCGCCGCCAACGACCCCAAAGAC
GCCGTCACCGACGACACCAACGCC------------------AACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATAAGGCAACGGCAAAT----------------------------------------------------> NGCG_RS0107700
------ACCGAGTATTACCTGAATAACGGCAAATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCC------CCCGCCGAAATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GGCGCCGCCAACGACCCCAAAGAC
GCCGTCACCGACGACACCAACGCC------------------AACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATAAGGCAACGGCAAAT----------------------------------------------------> NGNG_RS0105355_copy1
------GCCGGACATTACCCGAATAACGGCAAATGGCCCGCAAACAACGGCGCTGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGAA
---------------AAAGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------AACGACGCCGCCAACGAC
GACGTTACCGACGACGCCGGCACC------GACAACGGCGGCAAAGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACTTCCAAAAAATCAGCCGTT--> NGNG_RS0105355_copy2
------GCCGGGTATTACCCGAATCACGGCAAATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACGCCAACAACGCCAACAACGAC
GCCGTCACCGACGACACCACCGGCAAC------------GGCAACGAAAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NGNG_RS10800_copy1
------GCCGGGTATTGCCCGAATCACGGCGAATGGCCGGAAAACAACGCTTCTGCCGGC
GTGGCATCC---CCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAACCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------GACGCCGGCAACGCCGGCAAAGCCGAC
GACGTCACCAAAGACGACGCC---------------------GGCAAAAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACTTCCAAAAAATCAGCCGTT---
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGNG_RS10800_copy2
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCAAAGACAACGGCTCTGCCGGC
GTGGCATCC------TCCGACAAAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------------ACCGACGACGAC
ACCGTCACCGACGGCAAAGAC---------------------ACCAACGGCATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAACATGATGCCAAA----------------------------------------------------> NGNG_RS10810_copy1
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCAAAC------CCCACCGACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------ACCGAAGCCAACGCCGAC
GCCGCCGGCAAAGACACC------------------------ACCAACGGCATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGC-------------------------------------------------> NGNG_RS10810_copy2
------ACCGAGTATTGCCCGAATCACGGCGAATGGCCGAAAGACAACGACAAGGCCGGC
GTGGCATCC---CCCCCCTCCAACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC---------------------GCCAAAGCCGACGAC
GCCGTCACCGCCGACGCC------------------------AACAACGCCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCAAA----------------------------------------------------> NGNG_RS0105320
------ACCGAGTATTACCTGAATCACGGCATATGGCCGGAAAACAACGACAAGGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------AACGACGCCGCCGACAACGAC
GACGTCGCCAAAGACGACGCCGCC------------------GGCAACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCGTTGCCGGGTATTGCCCGAATCACGGCGAAT
GGCCGGAAAACAACGCTTCTG--------> NGNG_RS13095
------ACCGAATATTACCCGAATAACGGCGAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGCTTTCAACCGGCGTAAACAAA
GAAATCCAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGGCGACAACGACGAC
ACCGTTGCCGACGCCAAAGAC---------------------ACCAACGGCATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAACATGATGCCAAA-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGNG_RS0105700
------GCCGGGTATTGCCCGAATCACGGCGAATGGCCGGAAAACAACGCTTCTGCCGGC
GTGGCATCC---CCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAACCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACGCCAACAACGCCAACAACGAC
GCCGTCACCGACGACACCACCGGCAAC------------GGCAACGAAAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACTTCCAAAAAA-----------> NGNG_RS0105705
------GCCGGGTATTGCCCGAATCACGGCGAATGGCCGGAAAACAACGCTTCTGCCGGC
GTGGCATCC---CCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAACCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------AACGACGCCGCCGACAACGAC
GACGTCGCCAAAGACGACGCCGCC------------------GGCAACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG----------------------------------------------------------> NGNG_RS0105325
------GCCGGGTATTGCCCGAATCACGGCAAATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCACCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTCACCGCCGAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTT---------------------ACGCGCACCAAAGACGACGAC
GCCGTCGCCAAAGACGACACCAAC------------------GGCACCAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAACCAACTGCCACC---------------------------------------------------->FA1090_pilE_c2037383-2038021
------ACCGGGTATTACCTGAATCACGGCATATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC------CCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------AACGACGCCAAAGCCGAC
GACGTCAAAGCCGACGCC------------------------GCCAACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAACCAACTGCCAAA---------------------------------------------------->FA1090_pilS1c1_c2043862-2044354
------GCCGGGTATTGCCCGAATCACGGCACATGGCCGAAAGACAACGGTGATGCCGGC
GTGGCATCC---CCCGCCGACAAAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCGAAATGAAACCAAGCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------------GACGCCGGCGCCAAAGCCGAC
GACGTCAAAGCCGACGCC------------------------GCCAACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCACC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>FA1090_pilS1c2_c2044392-2044736
------ACCGGGTATTGCCCGAATCACGGCAAATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC------CCCGCCGAAATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGAATCCAAGCGGCGTAAACAAT
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------AACGACGCCAAAGCCGACGCCAAAGACGAC
ACCGTCACCGCC---------------------------------------ATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGGTTGC------------------------------------------------->FA1090_pilS1c3_c2044773-2045127
------GCCGGGTATTGCCCGAATCACGGCAAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCTCCGACATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GCCAAAGCCGACGCCGACGCCGAC
GCCGCCGGCAAAGAC---------------------------ACCACCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGC------------------------------------------------->FA1090_pilS1c4_c2045506-2045842
------------------------CACGGCGAATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCACCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTCACCGCCGAAATGGCTTCAACCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------GACGCCGGCGCCAAAACCGGCGCCGAC
GACGTCAAAGCCGACGGCAAAGAC------------------ACCGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGC------------------------------------------------->FA1090_pilS1c5_c2045843-2046256
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCAAAGACAACGGCTCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------ACCGAAGCCAACGCCAAAGCCGGCACCGAC
GACGTCGCCAAAGACGACACC------------------GCCGGCACCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCGTTGCCGGGTATTGCC-------------------------------------------> NGO2068_copy1
------ACCGAATATTACCCGAATAACGGCGAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGGCGACAACGACGAC
ACCGTTGCCGACGCC---------------------------AACAACGCCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAACATGATGCCAAA-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGO2068_copy2
------ACCGAGTATTGCCCGAATCACGGCGAATGGCCGAAAGACAACGACAAGGCCGGC
GTGGCATCC---CCCCCCTCCAACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC---------------------GCCAAAGCCGACGAC
GCCGTCACCGCCGACGCC------------------------AACAACGCCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCAAA----------------------------------------------------> NGO2068_copy3
------ACCGAGTATTACCTGAATCACGGCATATGGCCGGAAAACAACGACAAGGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------GCCAACGTTGCCGCCGCCAACGACGAC
GACGTTACCGACGACAAA---------------------AACAACAACGGCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCC-------------------------------------------------------> NGO2068_copy4
------GCCGGGTATTGCCTGAATCACGGCGAATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCACCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTCACCGCCGAAATGGCTTCAACCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------------------GCCGACAACAACGGC
AACATTACCGCCGACAAC------------------------GGCAACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCC-------------------------------------------------------> NGO2068_copy5
------GCCGGGTATTACCTGAATCACGGCGAATGGCCGGAAAACAACGACAAGGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCGAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------ACCGAAGCCAACGCCAAAGCCGGCACCGAC
GACGTCGCCAAAGACGACACC------------------GCCGGCACCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG----------------------------------------------------------> NGO2068_copy6
------ACCGGGTATTGCCCGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC---TCCGCCGCCGACATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCAAC
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GACGACAAAGCCAAAGAC
GACGTCAAAGCCGACGGCACCGCC------------------GGCACCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG-----------------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>FA1090_pilS3c1_c2013715-2014201
------GCCGGGTATTACCTGAATCACGGCGAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCC------TCCGACAAAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------AACGACGCCAAAGCCGAC
GACGTCAAAGCCGACGCC------------------------GCCAACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCACC---------------------------------------------------->FA1090_pilS3c2_c2014238-2014567
---------------------------GGCGAATGGCCCAAAGACAACGGCTCTGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCACA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACGACGCCGCCGCCAAAGACGAC
ACCGTCACCGCCGACGCCACCGGC---------------AACGACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGTTTGC------------------------------------------------->FA1090_pilS3c3_c2014626-2015018
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCAAAC------CCCACCGACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------ACCGAAGCCAACGCCGAC
GCCGCCGGCAAAGACACC------------------------ACCAACGGCATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACCCGTTCTCTGCTAGC----------------------------------------------------> NGO2041a_copy1
------ACCGGGTATTACCTGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCC---CCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAACCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------GACGCCGGCGCCAAAACCGGCGCCGAC
GACGTCAAAGCCGACGGC------------------------AACAACGGCATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAACATGATGCCAAA----------------------------------------------------> NGO2041a_copy2
------GCCGGGTATTACCCGAATCACGGCAAATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACGCCAACAACGCCAACAACGAC
GCCGTCACCGACGACACCACCGGCAAC------------GGCAACGAAAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGC--------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGO2041a_copy3
------GCCGGACATTACCCGAATAACGGCAAATGGCCCGCAAACAACGGCGCTGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGAA
---------------AAAGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------AACGACGCCGCCAACGAC
GACGTTACCGACGACGCCGGCACC------GACAACGGCGGCAAAGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGTTTGC-------------------------------------------------> NGO1512
------ACCGAGTATTACCTGAATCACGGCACATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCC---TCCGCCACCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GCCAAAGCCAAAGACGCCGAC
GACGTTACCGACGACGCCGGCACC------GACAACGGCGGCAAAGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCAAA----------------------------------------------------> NGEG_RS02500_copy2
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCT------TCTTCATCAATCATAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACAAAGCCGTCACCGACGAC
GCCGTCAAAGACGTCACCGGC---------------------AACGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGGTTGCACAAAAACA----------------------------------------> NGEG_RS02500_copy3
------CCCGAATATTACCTGAATCACGGCAAATGGCCGGAAGACAACGACAAGGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------ACCGACGACGCCGCCAAAGAC
GCCGTTACCGCCGACGCC------------------------AAAGACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGATGCCAAA-------------------------------------------------> NGEG_RS02290_copy1
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGAAAAACAACACTTCTGCCGGC
GTGGCATCC------CCCGACAAAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTCACCGCCCAAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------GCCGACAACGCCGACAACGACGCC
GTCACCGCCGCCGCCGGCAAA------------------GACACCACCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACT---------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGEG_RS02290_copy2
------GCCGGGTATTGCCCGAATCACGGCACATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCAAAC------CCCACCGAAATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---GCCGCCGCCGACGCCAAAGACGCCAAA---GAC
GACGTTGCCGCCGACAACGGCAAC---------------GGCAACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATCCGGCATCTGCCAAA----------------------------------------------------> NGEG_RS02290_copy3
------ACCGGGCATTACCCGAATCACGGCGAATGGCCGAAAGACAACGCTTCTGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGAAACCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GACGCCGGCAACGCCGGCAAAGCCGAC
GACGTCACCAAAGACGACGCC---------------------GGCAAAAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACT--------------------> NGEG_RS02290_copy4
------GCCGGGTATTGCCCGAATCACGGCGAATGGCCGGAAAACAACGACTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCAGGCGTGAAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------GCCGACGACGCCGTCAAAGCCGGCACCGAC
GCCGTCACCGCCGACACCACCGGC---------------AAAGACAAAGAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAACCAAATGCCACC----------------------------------------------------> NGEG_RS02315_copy1
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTCAGAAAGTTGAAGTCAAC
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGCGCCGACAACGGCAACGTTACCGACGCCGCCAAAGAC
GACGTCAACGCCGCCAAAGAC---------------------ACCAACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGGTTGCACAAAAACA----------------------------------------> NGEG_RS02315_copy2
------CCCGAATATTACCTGAATCACGGCACATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------------GACGACAACGGC
AACGTTACCGCCGACGAC------------------------ACCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCATA-----------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGEG_RS02315_copy3
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGCAAACAACGGTGATGCCGGC
GTGGCATCC------CCCGGCGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACGGCCGGTTACGCGC------------GCCAACGCCGACGCCGCCAAAGAC
GACGTCAACGCCGCCAACGACGCC------------------ACCAACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACGTCAATGACAAAT----------------------------------------------------> NGEG_RS02430
------ACCGAGTATTACCTGAATCACGGCAAATGGCCGGAAAACAACGACTCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCGAAATGGCTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------ACCGCCGGCGCCAAAACCGGCGCCGAC
ACC---------------------------------------AACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATAAACACTCTGACACC----------------------------------------------------> NGEG_RS02440
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCGCCTCCAACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------ACCGCCGCCAACGCCGACAACGAC
GACGTCGCCAAAGACGAC------------------------GCCGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACGTCAATGACAAAT----------------------------------------------------> NGEG_RS02440_copy1
------ACCGAGTATTACCTGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCC---CCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------ACCGCCGCCAACGCCGACAACGAC
GACGTCGCCAAAGACGAC------------------------GCCGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGTTGCT-------------------------------------------------> NGEG_RS02440_copy2
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC------CCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---GACGCCGGCAACGCCGGCAAAGCCGACGACGAC
GCCGTCGCCAAAGACGAC------------------------ACCAACGCCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACGTCAATGACAAAT-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGEG_RS02440_copy3
------ACCGAATATTACCTGAATCACGGCAAATGGCCATCCGACAATAGTGCCGCCGGC
GTGGCATCC---TCCCCCTCCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------ACCGCCGGCACCGACGACGAC
GCCGTCGCCAAAGACGAC------------------------ACCAACGCCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GACCTGCCG-------------------------------------------------------------> NGEG_RS02445
------ACCGAATATTACCTGAATCACGGCAAATGGCCATCCGACAATAGTGCCGCCGGC
GTGGCATCC---TCCCCCTCCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------ACCGCCGGCACCGACGACGAC
GCCGTCGCCAAAGACGAC------------------------ACCAACGCCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GACCTGCCG-------------------------------------------------------------> NGEG_RS02495_copy1
------ACCGAGTATTACCTGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCC---TCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGCA
---------------AACGGCGTCGTTACCGCCACAATGAATTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GGCGACAACGCCGCCAACGACGAC
GTCGCCAAAGCCGACGGC------------------------ACCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NGEG_RS02495_copy2
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC---ACCCCCTCCGACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGAAACCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------------GACGCCAAAGACAAAGAC
GACGTCAAAGCCGACGACACCGCC------------------GGCACCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGCACGAAACACCACCTACGGCTT
TCTATAAAA--------------------> NGEG_RS02485_copy1
------ACCGAGTATTACCTGAATAACGGCATATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCAGCT------TCTTCAAAAATCATAGGCAAATATGTTAAGCAAGTTGAAGTCAAA
---------------AAAGGCGTCGTCACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GCCGACAACGCCGCCAACGACGAC
GTTACCGCCGCCACCCCCGAC---------------------ACCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG-----------------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGEG_RS02480_copy2
------GCCGGGTATTACCTGAATAACGGCGAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------GACGACACCGCCGCCAAAGCCGGCACCGAC
GACGCCGCCAAAGACGGC---------------------AACGGCAACGAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NGEG_RS02480_copy3
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------GACGACACCGCCGCCAAAGCCGGCACCGAC
GACGTCGCCAAAGACGGC---------------------AACGGCAACGAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACT--------------------> NGEG_RS02480_copy4
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCACCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGACAAAAGACTCTCCCTGTGGGGCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------ACCGAAGCCAACGCCAAAGCCGGCAAAGAC
GACGTCGCCAAAGACGGC------------------------AACAACGGCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAACCAAATGCCGAA----------------------------------------------------> NMC_RS00015
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGCGCGC---------------------AACGACAAAGCCGAC
ACC------------------------------------------GACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGAT----------------------------------------------------> NMBH4476_RS00125
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------TCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTCAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------AACGACACCGCCACCGCCACCGCCACC
GACGTCGCCGCCGCCAACGGCAAG---------------ACCGACGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTACCGGTTGCATAGAAACACCACGCGCCGAT
TTCAAACACTTTCAAAAA------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMBH4476_RS00120
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACACTTCTGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTAAGGAAGTTACAGTCGCA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGACGCCAAAGCCGAC
ACCGTCGCCGCCGCCGCCAAGACC------------------GCCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMBH4476_RS00115
---------CCCGTCATTCCCACGAAAGTGGGAATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTAAGGAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAACCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GCCGACAACGCCAAAGACGAC
GTTGCCGCCGCCACCGGC------------------------ACCGACAAAATCGACACC
AAACTAAAG---------------AAACCTTTTTACCCGATAAGTTTCCGCACCGAC-----------------------GAGGCTGGATTCCCGCTTTTGCGGGAA----------------------------------------> NMBH4476_RS00110
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCAACC------TCCTCTGAAATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GACAAAGCCAAAGACGAC
GCCGTCACCGCCGCCACCGGCAAG---------------GGCACCGCCAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACAGCACCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBH4476_RS00105
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCAACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTACGGACAGCCGGTTAAGCGC------------------GACAACGCCAGCGCCGAC
GCCGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBH4476_RS00100
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCGACATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACTGCCGGTTACGCGC---------------GCCGACAACGCCAAAGACGAC
GCCGTTACCGCCGCCGCCACCGGC------------------ACCGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC---------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMBH4476_RS00095
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCAACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGACGCCAAAGCCGAC
ACCGTCGCCGCCGCCGCCAAGACC------------------GCCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAAGTGATGCCAGC----------------------------------------------------> N875_RS06755_copy1
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------TCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTCAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------AACGACACCGCCACCGCCACCGCCACC
GACGTCGCCGCCGCCAACGGCAAG---------------ACCGACGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTACCGGTTGCATAGAAACACCACGCGCCGAT
TTCAAACACTTTCAAAAA-----------> N875_RS06755_copy2
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACACTTCTGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTAAGGAAGTTACAGTCGCA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGACGCCAAAGCCGAC
ACCGTCGCCGCCGCCGCCAAGACC------------------GCCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> N875_RS06730
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCAACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGACGCCAAAGCCGAC
ACCGTCGCCGCCGCCGCCAAGACC------------------GCCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAAGTGATGCCAGC----------------------------------------------------> N875_RS06735
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCGACATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACTGCCGGTTACGCGC---------------GCCGACAACGCCAAAGACGAC
GCCGTTACCGCCGCCGCCACCGGC------------------ACCGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC---------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> N875_RS06740
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCAACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTACGGACAGCCGGTTAAGCGC------------------GACAACGCCAGCGCCGAC
GCCGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBM01240149_RS00110
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACACTTCTGCCGGC
GTGGCAACC------TCCACCGACATTAAAGGCAAATATGTTCAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACTGCCGGTTACGCGC---AACAACGCCAAAGCCAACGCCGCCAACGCCGAC
GACGTCGCCAAGACCGGTACCGAC------------------AGCGAAAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACAGCACCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBM01240149_RS00105
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGGCGGCAACAGTGATGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACTGCCGGTTGAGCGC------------ACCGCCCCCACCACCACCAACGAC
GACGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAA------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBM01240355_RS00095
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCGGCAACAGTGATGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTCAAAGCGTTACAGTCGCA
---------------AACGGCGTCATTACCGCCCAAATGGCTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------ACCGCCCCCACCACCACCAACGAC
GACGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAA------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCAGC----------------------------------------------------> NMBM01240355_RS00100
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGGCGGCAACAGTGATGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACTGCCGGTTGAGCGC------------ACCGCCCCCACCACCACCAACGAC
GACGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAA------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMBM04240196_RS00100
---------------ATTCCCACTTTCGTGGGAATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC---TCCCCCTCCGACATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCATTACCGCCCAAATGGCTTCAAGCAACGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GCCGACACCGCCACCAACAACGAC
GCCGTTACCGCCGCCACCGACAAC------------------AGCAACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> LD07_RS04520
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGCGCGC---------------------AACGACAAAGCCGAC
ACC------------------------------------------GACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGAT---------------------------------------------------->LA24_RS00860
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGCGCGC---------------------AACGACAAAGCCGAC
ACC------------------------------------------GACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGAT----------------------------------------------------> NMB0025_copy6
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------TCCTCTAAAATCAAAGGAAAATATGTTAAGGAAGTTACAGTCGCA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------GCCGGCACCGACGAC
ACCGTCGCCGCCGACAACACCGGC------------------AACAAGAAAACCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCACAAAA-------------------------------------------> NMB0025_copy7
------CCCGAGTATTACCCGAATCACGGCGAATGGCCGAAAAACAACACTTCTGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTAAGGAAGTTACAGTCGCA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------AACGCCGCCAACGCCAAAGCCGGCACCGAC
GAAGTCACCGCCGCCACACCCGAC------------------ACCGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACAGCACCG-----------------------ACAAGAAAATCGACACCAAAC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMB0018
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACACTTCTGCCGGC
GTGGCAACC------TCCTCTGAAATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GACAAAGCCAAAGCCGCCAACGAC
GACGTTACCGCCGCCGCCGCCGCC---------------AACGGTAAGAAGATTGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAAGTGATGCCAGC----------------------------------------------------> NMB0019
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCGACATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACTGCCGGTTACGCGC---------------GCCGACAACGCCAAAGACGAC
GCCGTTACCGCCGCCGCCACCGGC------------------ACCGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMB0020
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCAACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTACGGACAGCCGGTTAAGCGC------------------GACAACGCCAGCGCCGAC
GCCGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMB0021
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCAACC------TCCTCTGAAATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GACAAAGCCAAAGACGAC
GCCGTCACCGCCGCCACCGGCAAG---------------GGCACCGCCAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACAGCACCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMB0023
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGGCAACAACACTTCTGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTAAGGAAGTTACAGTCGCA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGACGCCAAAGCCGAC
ACCGTCGCCGCCGCCGCCAAGACC------------------GCCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC---------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMB0024
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------TCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTCAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------AACGACACCGCCACCGCCACCGCCACC
GACGTCGCCGCCGCCAACGGCAAG---------------ACCGACGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTACCGGTTGCATAGAAACACCACGCGCCGAT
TTCAAACACTTTCAAAAA-----------> NGFG_01821
------ACCGAGTATTACCTGAATCACGGCAAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCACCGACATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------------GCCGACGACGAC
ACCGTTGCCGACGCCAAAGAC---------------------GGCAAAGAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAGGCATCTGATGCCAAA-------------------------------------------------> NGFG_02253
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC------TCCGACAAAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GCCAAAGCCAAAGACGCCGAC
GACGTTACCGACGACGCCGGCACC------GACAACGGCGGCAAAGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGTTTGC-------------------------------------------------> NGFG_02487
------GCCGGGTATTGCCCGAATCACGGCACATGGCCGAAAGACAACGGTGATGCCGGC
GTGGCATCC---CCCGCCGACAAAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCGAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GGCGCCGGCAACGCCGGCAAAGCCGAC
GACGTCACCAAAGCCGGCAACGAC------------------AACGAAAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCATTTGC-------------------------------------------------> NGFG_00014
------ACCGGGTATTGCCCGAATCACGGCAAATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC------CCCGCCGAAATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGAATCCAAGCGGCGTAAACAAT
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------ACCGACGACGCCGCCAAAGAC
GCCGTTACCGCCGACGCC------------------------AAAGACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGGTTGC--------------------------------------------------

Continued on following page.

91

Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGFG_02484
------ACCGAGTATTACCTGAATCACGGCGAATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC---TCCCCCACCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCGAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GCCGCCAAAGACGACGAC
GCCGTCACCGCCGACGGC------------------------AACAACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACACTTCATCTGCCGGTAAG-------------------------------------------------> NGFG_02485
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GCCAAAGCCGACGCCGACGCCGAC
GCCGCCGGCAAAGAC---------------------------ACCACCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NGFG_02405
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCAAAGACAACGACTCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTAAGCAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------AACGCCAAAGCCAACGAC
ACCGTTGCCGCCGACGGCACCGGC------------------AACGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAACTTTGATGCCAGC----------------------------------------------------> NGFG_02481
------ACCGAATATTACCCGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------AACGCCAACGACGAC
ACCGTCACCGCCGACGGCACCGGC---------------AACGACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACACTTCATCTGCCGGTAAG-------------------------------------------------> NGFG_02431
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GCCGCCAAAGACGACGAC
GCCGTCACCGCCGACGGC------------------------AACAACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACACTTCATCTGCCGGTAAG--------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGFG_02253_copy1
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCAAAGACAACGACTCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTAAGCAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCGAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GGCGCCGGCAACGCCGGCAAAGCCGAC
GACGTCACCAAAGCCGGCAACGAC------------------AACGAAAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAACTTTGATGCCAGC----------------------------------------------------> NGFG_00014
------GCCGGGTATTGCCCGAATCACGGCACATGGCCGGAAAACAACGCTTCTGCCGGC
GTGGCATCC---TCCCCCACCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCGAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GCCAAAGCCGACGCCGAC
GCCGCCGGCAAAGAC---------------------------ACCACCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGC-------------------------------------------------> NGK_RS09745
------GCCGGGTATTACCTGAATCACGGCGAATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------ACCGCCGGCGCCAACAACAACGAC
GAAGTCGCCAAAGCCGGCGCCGAC---------------AAAGACAAAGAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAACCAACTGCCGAA----------------------------------------------------> NGK_RS09860_copy1
------GCCGGACATTACCCGAATAACGGCAAATGGCCCGCAAACAACGGTAATGCCGGC
GTGGCATCC------CCCGCCGACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAACCAAGCGGCGTAAACAAT
GAAATCAAAGACAAAAGACTATCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCAAAGCCGACGCCGAC
GACGTCAAAGCCGACGGC------------------------ACCAAAAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGAA----------------------------------------------------> NGK_RS09860_copy2
---------CGAATATTACCTGAAAACGGCGAATGGCCCAAAGACAACGGCGCTGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACAACGCCGACGACCCCAACGAC
GCCGTCAAAGACGACGCCGACGCC------------------AACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGGTACG--------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGK_RS06730
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GACAACGCCGACGACCCCAACGAC
GCCGTCAAAGACGACGCCGACGCC------------------AACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCAACTGCCGAA----------------------------------------------------> NGK_RS09865
---------CGAATATTACCTGAAAACGGCGAATGGCCCAAAGACAACGGCGCTGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACAACGCCGACGACCCCAACGAC
GCCGTCAAAGACGACGCCGACGCC------------------AACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGGTACG-------------------------------------------------> IX30_RS11325_copy1
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------GACGACACCGCCGCCAAAGCCGGCACCGAC
GACGTCGCCAAAGACGGC---------------------AACGGCAACGAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACT--------------------> IX30_RS11325_copy2
------ACCGAGTATTACCTGAATAACGGCGAATGGCCGGAAGACAACGCTTCTGCCGGC
GTGGCATCC---CCCCCCACCGACATCAAAGGCAAATATGTTAAAAGCGTTACGGTCGAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCCAAGACAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCAC---------------GACAAAGCCGCCAACGACGAC
GACGTTACCGACGACAAA---------------------AACAACAACGGCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCGTTGCCGGGTATTACC-------------------------------------------> IX30_RS11325_copy3
------------------------CACGGCGAATGGCCGGAAAACAACGACAAGGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCAAAATGAATTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------ACCGAAGCCAACGCCAAAGCCGGCACCGAC
GACGTCGCCAAAGACGACGCC------------------GGCAAAGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCAACTGCCACC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> IX30_RS11335
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACGGCGATGCCGGC
GTGGCATCC------CCCGCCGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGGCAGGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACGACACCGCCGCCAAAGACGAC
GACGTTACCGACGACAAA---------------------AACAACAACGGCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCAACTGCCACC----------------------------------------------------> IX30_RS11560
------ACCGAATATTACCCGAATAACGGCGAATGGCCCGCAAACAACGGCGCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTAAGCAAGTTGAAGTCAAA
---------------AACGGCGTCGTCACCGCCCAAATGAAACCAAGCGGCGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GACAACGCCGACGACCCCAACGAC
GCCGTCAAAGACGACGCCGACGCC------------------AACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACG----------------------------------------------------------------> IX30_RS03920
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACGACTCTGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------ACCGCCGGCGCCAACAACAACGAC
GAAGTCGCCAAAGCCGGCGCCGAC---------------GCCAACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGAA----------------------------------------------------> IX30_RS11440
---------CGAATATTACCTGAAAACGGCGAATGGCCCAAAGACAACGGCGCTGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTCACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACAACGCCGACGACCCCAACGAC
GCCGTCAAAGACGTCACCGACGCC------------------AACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGAA----------------------------------------------------> IX30_RS11440
---------CGAATATTACCTGAAAACGGCGAATGGCCCAAAGACAACGGCTCTGCCGGC
GTGGCAGCT------TCTTCAAAAATCATAGGCAAATATGTTAAGCAAGTTGAAGTCAAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACGGCCGGTTCAGCGC------------AACGCCAACGACGCCAACAACGAC
GACGTCACCGCCGACGACAAA------------------AACAACAACGGCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCAAA-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> IX30_RS11375_copy2
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCT------TCTTCATCAATCATAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACAAAGCCGTCACCGACGAC
GCCGTCAAAGACGTCACCGGC---------------------AACGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGGTTGCACAAAA-------------------------------------------> IX30_RS11375_copy3
------CCCGAATATTACCTGAATCACGGCAAATGGCCGGAAGACAACGACAAGGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------ACCGACGACGCCGCCAAAGAC
GCCGTTACCGCCGACGCC------------------------AAAGACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGATGCCAAA-------------------------------------------------> LA58_RS09630
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGCGCGC---------------------AACGACAAAGCCGAC
ACC------------------------------------------GACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGAT----------------------------------------------------> LC14_RS11175
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGCGCGC---------------------AACGACAAAGCCGAC
ACC------------------------------------------GACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGAT----------------------------------------------------> NMBNZ0533_RS00105
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGCCAACAACAATTCTGCCGGC
GTGGCATCC------TCCACCGACATCAAAGGCAAATATGTTGCAGGGGTTAAAGTTGAA
---------------AAAGGCGTCATTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCACGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGAGCGC------------------AACGCCAACAACGCCGAC
GCCGTCGCCAACGGCAAG---------------------GGCACCGCCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACACAGCATCTGCCAGC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMBNZ0533_RS00140
---------------ATTCCCACTTTCGTGGGAATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCGAAATGGCTTCAAGCAACGTAAACAAA
GAAATCCAAGGCAGAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GCCGACAAAGCCACCGACGCCGACGCC
GACGTCACCGCCGACAGCGGC---------------------AACGAAAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCACCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBNZ0533_RS00150
------ACCGAGTATTACCTGAATCACGGCATATGGCCAAAAAACAATACTTCTGCCGGC
GTGGCATCC---TCCGCCACCGACATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGCCGCCGACAGCGAC
GACGTCGCCGCCGCCAACGGCAAG---------------ACCGCCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCTGC--------------------------GACGCTTCATCTGCCGTTTGCATAGAAACACCACGCGCCGAC
TTCAAACACTTCCAAAAAATC--------> NMBNZ0533_RS00145
GCCGTCACAGAGTATTACCTGAATCACGGCATATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCAACC------TCCTCTGAAATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------------GCCAAAGCCGACGCCGAC
GCCGTTACCGCCGCCGCC------------------------AACAAGAAGATCGAC--------------ACCAAT------CATTCCCACGAACCTACATCC--------------CGTCATTCCCGCGAAAGCGGGAATCTAGGTCTGTCGGCGCAGAAACTTATCGGG----------------------------------> NMBNZ0533_RS00110
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGCCAACAACAATTCTGCCGGC
GTGGCAACC------TCCGCCGACATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GACGCCAACAACGCCGAC
GCCGTCGCCGCCGCCAAGACCGGC------------------ACCAACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMBNZ0533_RS00115
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGCCAACAACAGTTCTGCCGGC
GTGGCAACC---TCCGCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTGAAGTCAAA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCACGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC-----------------------------------------------GACGCCGCCACC------------------GACAAGAAAATCGAC--------------ACCAAACTAGAGAAACCGTTTTCCCGA-------------------------------------------------------------------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMBNZ0533_RS00120
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGCCAACAACAATTCTGCCGGC
GTGGCAACC------TCCACCGACATCAAAGGCAAATATGTTCAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGAGCGC------------ACCGCCCCCACCACCACCAACGAC
GACGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBNZ0533_RS00125
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCATCC------TCCACCGACATCAAAGGCAAATATGTTGCAGGGGTTAAAGTTGAA
---------------AAAGGCGTCATTACCGCCACAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGCGCGC---------GCCAACGCCAACGGCGCCAACAACGAC
GAAGTCACCGCCGCCAACGGCAAG---------------GGCACCGCCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMBNZ0533_RS00130
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGCCAACAACAGTTCTGCCGGC
GTGGCAACC------TCCGCCGACATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACGCCACCGCCAGCGCCGAC
GCCGTCAAAGCCGACACCGCCACC------------------ACCAAGAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMBNZ0533_RS00135
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGGCGACAACAATTCTGCCGGC
GTGGCAACC------TCCACCGACATTAAAGGCAAATATGTTAAGGAGGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGCTTTCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------AACGACACCACCACCACCAACGAC
GACGTCAACAAAGCCACCGGC---------------------AACAACGAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCACCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBNZ0533_RS00155
---------------ATTCCCACTTTCGTGGGAATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC---ACCGCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTACAGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAGAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGAGCGC---------------AACGCCAAAGCCACCGCCGAC
GCCGTCACCGCCGCCACACCCGAC------------------ACCGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC---------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGGG_RS06190_copy1
------GCCGGACATTACCCGAATAACGGCAAATGGCCCGCAAACAACGGCGCTGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGAA
---------------AAAGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------GCCAAAGCCGCCAACGAC
GACGTTACCGACGACGCCGGCACC------GACAACGGCGGCAAAGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCC-------------------------------------------------------> NGGG_RS06190_copy2
------GCCGGGTATTACCCGAATCACGGCAAATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACGCCAACAACGCCAACAACGAC
GCCGTCACCGACGACACCACCGGCAAC------------GGCAACGAAAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NGHG_RS15935
------ACCGAGTATTACCTGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCC---TCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGCA
---------------AACGGCGTCGTTACCGCCACAATGAATTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GGCGACAACGCCGCCAACGACGAC
GTCGCCAAAGCCGACGGC------------------------ACCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCA-------------------------------------------------------------> NGHG_RS06110_copy1
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTCAGAAAGTTGAAGTCAAC
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGCGCCGACGACGGCAACGTTACCGACGCCGCCAAAGAC
GACGTCAACGCCGCCAAAGAC---------------------ACCAACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGGTTGCACAAAA-------------------------------------------> NGHG_RS06110_copy2
------CCCGAATATTACCTGAATCACGGCACATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------------GACGACAACGGC
AACGTTACCGCCGACGAC------------------------ACCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCATAGAAACACCACGCGCCGAT
TTCAAACACTTC------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGHG_RS15930
------ACCGGGTATTACCTGAATCACGGCACATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCTCCAACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACAAAGCCGTCACCGACGAC
GCCGTCAAAGACGTCACCGGC---------------------AACGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGGTTGCACAAAA-------------------------------------------> NGHG_RS15940
------------------------------GAATGGCCCAAAGACAACGGCTCTGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGCA
---------------AACGGCGTCGTTACCGCCACAATGAATTCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTT---------------------------------AAGCGCGAC
GAC---------------------------------------AAAGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACTTCCAAAAAATCAGCCGTT--> NGHG_RS15930
------CCCGAATATTACCTGAATCACGGCATATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCAAAC------CCCACCGACATCAAAGGCAAATATGTTAAGCAAGTTGAAGTCAAA
---------------AAAGGCGTCGTTACCGCCCAAATGAATCCAAGCGGCGTAAACAAT
GAAATCAAAGACAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------ACCGCCAAAGACAAAGAC
GACGTCAAAGCCGACACCACCGGC---------------AAAGACAAAGAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAA----------------------------------------------------------------> NGHG_RS15945
------GCCGGGTATTGCCCGAATCACGGCAAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCC---CCCCCCGCCGAAATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTCACCGCCAAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------ACCAAAGACGACAACGAC
GCCGTCGACGCCGACACCGCCGAC---------------GACACCAAAAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACG----------------------------------------------------------------> NGHG_RS06220_copy2
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCT------TCTTCATCAATCATAGGCAAATATGTTGAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCAAAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACAAAGCCGTCACCGACGAC
GCCGTCAAAGACGTCACCGGC---------------------AACGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGGTTGCACAAAAACA-----------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGHG_RS06220_copy3
------CCCGAATATTACCTGAATCACGGCAAATGGTCGGAAGACAACGACAAGGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------ACCGACGACGCCGCCAAAGAC
GCCGTTACCGCCGACGCC------------------------AAAGACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGATGCCAAA-------------------------------------------------> NGIG_RS0100425
------ACCGGGTATTACCTGAATCACGGCATATGGCCGGAAGACAACGACAAGGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCACA
---------------AAAGGCGTCGTTACCGCCCAAATGAAATCAGACGGCGTAAACAAT
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GCCGCCGGCAACGCCGGCAACGCCGAC
GACGTCACCGAC------------------------------AACAAGAAAATCGAC--------------ACCAAACTAGAGAAACCTTTTTAC-----------------------CCGATAAGTTTCCGTGCCGACAGACCCGGATTCCCGCCTGCGCGGGAA----------------------------------------> NGIG_RS0100425_copy1
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGAA
---------------AAAGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GACAACGCCAACGCCGCCAACGACGAC
ACCGTCACCGCCGACACCGACACC------------------AACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------------------------TGCTTTCAAATC----------------------------------------> NGIG_RS0100425_copy3
------ACCGAATATTACCCGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------AACGCCAACGACGAC
ACCGTCACCGCCGACGGCACCGGC---------------AACGACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACGTCATCTGCCGGTACG-------------------------------------------------> NGIG_RS0100420
---------------------------------------------------TCTGCCGGC
GTGGCATCC------TCCGACAAAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAGGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------ACCGACGACGACGAC
ACCGTTGCCGACGCCGCCGACAAA------------GACACCAACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GACCCGTTCTCTGCTAGC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGJG_RS06870
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCATCC---CCCGCCTCCAACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------GCCGACAACGCCGACAACGACGCC
GTCACCGCCGCCGCCGCCGGCAAA---------------GACACCACCAACATCGAC--------------ACCAAAGCACCTGCCGTCAACCTGCCG--------------------------------------------------------------CGA-------------------------------------------> NGJG_RS06880
------GCCGGGTATTGCCCGAATCACGGCACATGGCCGAAAGACAACACTTCTGCCGGC
GTGGCAAAC------CCCACCGAAATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---GCCGCCGCCGACGCCAAAGACGCCAAA---GAC
GACGTTGCCGCCGACAACGGCAAC---------------GGCAACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATCCGGCATCTGCCAAA----------------------------------------------------> NGJG_RS06875
------ACCGGGCATTACCCGAATCACGGCGAATGGCCGAAAGACAACGCTTCTGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGAAACCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GACGCCGGCAACGCCGGCAAAGCCGAC
GACGTCACCAAAGACGACGCC---------------------GGCAAAAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACT--------------------> NGJG_RS06870_copy4
------GCCGGGTATTGCCCGAATCACGGCGAATGGCCGGAAAACAACGACTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCAGGCGTGAAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------GCCGACGACGCCGTCAAAGCCGGCACCGAC
GCCGTCACCGCCGACACCACCGGC------------------AAAGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACCTGCCG-------------------------------------------------------------> NGJG_RS13185
------CCCGAATATTACCTGAATCACGGCACATGGCCGGAAGACAACACTTCTGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------------GACGACAACGGC
AACGTTACCGCCGACGAC------------------------ACCGACAACATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCATAGAAACACCACGCGCCGAT
TTCAAACACTTCCAAAAA------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGJG_RS0105775
------ACCGAGTATTACCTGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCC---CCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------GCCGCCGCCGGCACCGACGACGAC
GCCGTCGCCAAAGACGAC------------------------ACCAACGCCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG----------------------------------------------------------> NGJG_RS06990
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCT------TCTTCATCAATCATAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACAAAGCCGTCACCGACGAC
GCCGTCAAAGACGTCACCGGC---------------------AACGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGGTTGCACAAAA-------------------------------------------> NGKG_RS01075
------GCCGGGTATTGCCTGAATCACGGCGAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------TCCGACAAAATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCCAAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------ACCGGCGACAACGACGAC
GACGTTACCGCCGACAAAGAC---------------------GACAAAGAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTAT-----------------------> NGLG_RS0102700
------ACCGAGTATTACCTGAATAACGGCAAATGGCCCGCCGACAACGGCGCTGCCGGC
GTGGCATCC---TCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------AACGGCGACAACGAC
GACGTCGCCAAAGACGAC------------------------GCCGGCAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCG----------------------------------------------------------> NGLG_RS08675
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGAA
---------------AAAGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------GACAACGCCGGCACCGAC
GCCGTCACCGCCGACACCACCGGC---------------AAAGACAAAGAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCAAA-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMAA_RS00105
---------CCCGTCATTCCCACGAAAGTGGGAATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC---TCCCCCTCCGACATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCATTACCGCCCAAATGGCTTCAAGCAACGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------GACAAAGCCGACGCCGACGCCGAC
GCCGTTACCGCCGACACCGCCGCC------------------AACAAGAAGATCGACACC
AATCATTCC---------------------CACGAACCTACATCCCGTCATTCCCGC--------------GAAAGTGGGAATGACGGGATT-------------------------------------------------------> NMA_RS01390
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCAGCAACAACACTTCTGCCGGC
GTGGCATCC------TCCACCGACATTAAAGGCAAATATGTTCAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------AACGACACCGCCACCACCAACGAC
GACGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGGA----------------------------------------------------> NMA_RS01395
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCAGCAACAACACTTCTGCCGGC
GTGGCAACC------TCCACCGACATTAAAGGCAAATATGTTCAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------AACGACACCGCCACCACCAACGAC
GACGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMA_RS01400
------ACCGAGTATTACCTGAATCACGGCACATGGCCCAGCAACAACAGTGATGCCGGC
GTGGCATCC---ACCGCCACCGACATCAAAGGAAAATATGTTAAAGAAGTTAAAGTCGAA
---------------AAAGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGAGCGC------------GCCGCCAACAACGCCGCCAACGAC
GCCGTCACCGCCGCCACCGCCAAC---------------GGCAACGGCAAGATCGAC--------------ACCAAA------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMA_RS01405
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCAGCAACAACACTTCTGCCGGC
GTGGCAACC------TCCTCAAAAATCAAAGGAAAATATGTTAAGGAAGTTAAAGTCGCA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GCCGCCAAAGCCAAAGACGAC
GTTACCGCCGCCACCGGC------------------------ACCGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC-----------------------------------------------------

Continued on following page.

104

Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMA_RS01415
------ACAGAGTATTACCTGAATCACGGCGAATGGCCCGCCAACAACAGTTCTGCCGGC
GTGGCAACC---TCCGCCTCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCGCA
---------------AACGGCGTCATTACCGCCGAAATGAAATCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGACCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------GCCGCCAACGCCAAAGCCGCCAACGCCGAC
GACGTCGCCGCCGACGGC------------------------ACCAACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMA_RS01420
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCC---ACCGCCACCGACATCAAAGGAAAATATGTTGAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCATTACCGCCGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACGCCAACGCCACCAACGAC
GACGTCAAAGCCGCCACCGACACC------------------GCCAAGAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGATTCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMA_RS01425
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCAACC------TCCTCAAAAATCAAAGGAAAATATGTTAAGGAAGTTAAAGTCGCA
---------------AACGGCGTCATTACCGCCACAATGCTTTCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCCGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------AACGCCAAAGCCGAC
---------------------------------------------AAGAAAATCGACACC
AATCATTCCCAC---------------------GAACCTACATCCCGTCATTCCCGC--------------GAAAGCGGGAATCTAGGTCTGTCGGCACGGAAACTTATCGGG----------------------------------> NMO_1986
------ACCGAGTATTACCTGAATCACGGCGAATGGCCATCCGACAATAGTGCCGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGAAAATATGTTAAGGAAGTTACAGTCGCA
---------------AACGGCGTCGTTACCGCAGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCGCCGCCGACAGCGAC
GACGTCGCCGCCGCCACCGACGCC------------------AACGGCAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCAGC----------------------------------------------------> NMO_1985
------------------CGAGTATTACCTGAATCACGGCGAATGGCCTGTGATGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGCAAATATGTTGCAGGGGTTAAAGTTGAA
---------------AAAGGCGTCATTACCGCAGAAATGAAATCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGAGCGC------------ACCGCCCCCACCACCACCAACGAC
GACGTCAAAGCCGACACCGCCGCC---------------AACGGCAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCATCG-----------------------ACAAGAAAATCGACACCAAAC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMO_1984
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGGCGACAACAATTCTGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGAAAATATGTTAAGGAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGAGCGC------------ACCGACAACAACGCCGCCAACGAC
GCCGTCACCGCCGCCAGC------------------------GACAAGCAGATCGAC--------------ACAAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMO_1980
------CCCGAGTATTACCCGAATCACGGCGAATGGCCATCCGACAATAGTGCCGCCGGC
GTGGCATCT------TCTTCAACAATCAAAGGAAAATATGTTAAGGAAGTTACAGTCGCA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACAAAGCCGCCACCGACGAC
GGCGTTACCGCCGCCACCGACGCC------------------AACGGCAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCGTTTGCACAAAAACACCACGCGCCGAT
TTCAAACACTTTCAAAAA-----------> NMBB_RS00105
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCATCTTCT------TCAACAATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCATTACCGCCCAAATGGCTTCAAGCAACGTAAACAAT
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------AACGCCGGCGCCAAAGCCGAC
GACGTTACCGCCGACACCACCAGC---------------ACCGACAAGAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAAAGTAGTGCTACC----------------------------------------------------> NMBB_RS00115
------ACCGAGTATTACCTGAATCACGGCAAATGGCCTGACGGCAACAGTGATGCCGGC
GTGGCAACCTCC------TCTGAAATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCGCA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------AACGCCAACGCCAAAGAC
GAAGTCACCAAGACCGCCGACAAC------------------GACAAGAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCAGCCGTACAAAAACACCCGGTTTCGCT
TTCAAATACTTCCAAAAA-----------> NMBB_RS00120
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGGCGACAACAGTTCTGCCGGC
GTGGCATCTTCT------TCAACAATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCATTACCGCCCAAATGGCTTCAAGCAACGTAAACAAT
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GACGCCGTCGACACCGCCAACGAC
GACGTTACCGCCGACACCACCGGC---------------ACCGACAAGAAGATCGAC--------------ACCAAACTAGAGAAACCTTTTTACCCG-----------------------ATAAGTTTCTGCACCGACGGGGCTGGATTCCCGCCTGCGCGGGAA-----------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMBB_RS00125
------ACCGAGTATTACCTGAATCACGGCGAATGGCCCGCCAACAACAGTTCTGCCGGC
GTGGCAACCTCC------GCCGACATCAAAGGCAAATATGTTAAAAGCGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACTGCCGGTTGCGCGC---------------GCCGACACCGCCACCGCCACC
GAAGTCACCGCCGCCAGCGGC---------------------AACGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMBB_RS00130
------ACCGAGTATTACCTGAATCACGGCAAATGGCCTGACGGCAACAGTGATGCCGGC
GTGGCAACCTCC------TCTGAAATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCGCA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAAGCGGCGTAAACAAC
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTGAGCGC---------------------------ACCGACACC
GCCGTTACCGCCGCCAAC------------------------GACAAAAAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACAGCACCG-----------------------ACAAGAAAATCGACACCAAAC----------------------------------------------------> NMBB_RS00135
---------------------------------ATGACGGGATTTAATGATGCCGCCGGC
GTGGCATCCGCC------TCCGACATCAAAGGCAAATATGTTGAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCGAAATGAAATCAACCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------ACCACCGGCGCCAAAGCCGACGAC
GCCGTCAACAAAGCCACC------------------------GACAAGCAGATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGTCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> NMBB_RS00140
------ACCGAGTATTACCTGAATCACGGCAAATGGCCAAAAAACAATACTTCTGCCGGC
GTGGCATCCACC---CCCTCCGACATCAAAGGCAAATATGTTAAGGAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGGCTTCAAGCAACGTAAACAAC
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GACGCCACCACCAACAACAACGACGAC
GCCGTCAACAAAGCCACCGGC---------------------AACAACGAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCTTCATCTGCCAACCGTACAAAAACACCCGGTTTCGCT
TTCAAATACTTCCAAAAA-----------> AW44_RS11525
------ACCGAGTATTACCTGAATAACGGCGAATGGCCCAAAGACAACGGCTCTGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTTAAG
GAAGTTAAAGTCGAAAACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------GCCGACAACGCCGCCAACGACGAC
GTTACCGCCGCCGCCGCCGGCAAA---------------GACACCACCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACT---------------------

Continued on following page.

107

Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> AW44_RS11575
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACGACTCTGCCGGC
GTGGCATCC---CCCCCCTCCAACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGAA
---------------AACGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACGGCCGGTTAAGCGC---------------ACCGCCAAAGACGGCACCGAC
GACGTCGCCAAAGACGGCAAAGAC------------------AACGAAAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCGTTGCCGGGTATTGCC-------------------------------------------> AW44_RS11640
------ACCGAGTATTACCTGAATCACGGCATATGGCCCGCAAACAACACTTCTGCCGGC
GTGGCATCC------TCCGGCGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAAACTCTCCCTGTGGGCAGGCGTGAAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------GCCAACGCCGACGCCGCCAAAGAC
GACGTCAACGCCGCC---------------------------ACCAACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACGTCAATGACAAAT----------------------------------------------------> AW44_RS11165
------ACCGAGTATTACCTGAATAACGGCGAATGGCCGAAAGACAACGCTTCTGCCGGC
GTGGCATCC---ACCCCCACCGACATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCAAC
---------------AACGGCGTCGTCACCGCCCAAATGAATCCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------GGCAACGCCAAAGACGAC
ACCGTCACCGCCGACAACGGCGGC---------------AAAAACAACGCCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAACACTCTGACACC---------------------------------------------------->e0304_19050-19497
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTCAGAAAGTTGAAGTCAAC
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGCGCCGACAACGGCAACGTTACCGACGCCGCCAAAGAC
GACGTCAACGCCGCCAAAGAC---------------------ACCAACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGCCGGTTGCACAAAAACA----------------------------------------> AW44_RS11170
------ACCGAGTATTACCTGAATAACGGCGAATGGCCGGAAGACAACGACAAGGCCGGC
GTGGCATCC------GCCTCCGACATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCATAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------------------ACCGCCAAAGACGGC
ACCGTCACCGCCGACGGCACCGAC------------------GGCACCAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCAACTGCCACC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> BK61_RS11690
------ACCGAGTATTACCTGAATAACGGCGAATGGCCCAAAGACAACGGCTCTGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------------GACGACAAAGACAACGAC
ACCGTTGCCGACGCCGCC---------------------GGCAAAGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCACGAAACACCACGCGCCG-------------------------------> BK61_RS11330
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACGGCGATGCCGGC
GTGGCATCC------CCCGACAAAATCATAGGCAAATATGTTAAGCAAGTTGAAGTCAAA
---------------AACGGCGTCGTTACCGCCCAAATGAAACCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------GCCGACGACGCCGTCAAAGCCGGCACCGAC
GCCGTCACCGCCGACACCACCGGC------------------AAAGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACCCGTTCTCTGCTAGC----------------------------------------------------> BK61_RS05845
------ACCGAGTATTACCTGAATAACGGCGAATGGCCCAAAGACAACGGCTCTGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAGGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------AACGCCAAAGACAACGAC
ACCGTTGCCAACGACGCC---------------------GGCAAAGACAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACGTCATCTGCCGGTACG-------------------------------------------------> BK61_RS11655
------------------------------------------------GCTTCTGCCGGC
GTGGCATCC---CCCCCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCCAAATGGCTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC---------------AACGCCAAAACCGGCACCGAC
GCCGTCACCGCCGACGAC------------------------AAAAACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAATGCTTTCCAAGAAAACGGAGCTTTT
> BK61_RS11570
------ACCGAGTATTACCTGAATAACGGCAAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------GCTTCAAAAATCATAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GCCGACAACGCCGACAACGACGCC
GTCACCGCCGCCGCCGCCGGCAAA---------------GACACCACCAACATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCCGTTTGCACGAAACACCACGCGCCGATT
TCAAACACTTCCAAAAAATCAGCCGTT---
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> BK61_RS11340
------CCCGAATATTACCTGAATCACGGCAAATGGCCGGAAGACAACGACAAGGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC---------------GCCGACAACGCCGACAACGAC
GCCGTCACCGCCGACGGCACCGAC---------GGCGCCAACGGCACCAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATACGTCAATGACAAAT----------------------------------------------------> BK60_RS08590
------GCCGGACATTACCCGAATAACGGCAAATGGCCCGCAAACAACGGTAATGCCGGC
GTGGCATCC------CCCGCCGACATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAACCAAGCGGCGTAAACAAT
GAAATCAAAGACAAAAGACTATCCCTGTGGGGCAGGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------------ACCAAAGCCGACGCCGAC
GACGTCAAAGCCGACGGC------------------------ACCAAAAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGAA----------------------------------------------------> BK60_RS11515
------------------------------GAATGGCCGGAAAACAACACTTCTGCCGGC
GTGGCATCC------GCTTCAGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AAAGGCGTCGTTACCGCCACAATGGCTTCAAGCAACGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------------GACGACAAAGCCGAC
ACCGTCACCGACGCCGCCGGCAAC------------------GACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GACGCAGCATCTGCCGGTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> BK60_RS11065
------GCCGGGTATTGCCCGAATCACGGCACATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACAACGCCGACGACCCCAACGAC
GCCGTCAAAGACGACGGCAAAGAC------------------ACCGACAAAATCAAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGGTACG-------------------------------------------------> BK60_RS03450
------GCCGGGTATTGCCCGAATCACGGCGAATGGCCGGAAAACAACGCTTCTGCCGGC
GTGGCATCC---TCCCCCACCGACATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC---------------GGCGCCGGCGCCGGCGCCGAC
GCCGTCACCGCCGACAAA------------------------GACAAAGAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGAA-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> BK60_RS11055
------GCCGGGTATTGCCCGAATCACGGCATATGGCCGGAAAACAACGACAAGGCCGGC
GTGGCATCC---CCCGCCACCGACATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGGCAGGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACAACGCCAAAGCCGACAACGAC
GACGTCAAAGCCGACGCCGCCGAC------------------AAAGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCTGCC-------------------------------------------------------> BK60_RS08585
---------CGAATATTACCTGAAAACGGCGAATGGCCCAAAGACAACGGCGCTGCCGGC
GTGGCATCC------GCTTCAACAATCAAAGGCAAATATGTTCAGAAAGTTGAAGTCGCA
---------------AAAGGCGTCGTTACCGCCACAATGGCTTCAACCGGCGTAAACAAA
GAAATCAAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACAACGCCGACGACCCCAACGAC
GCCGTCAAAGACGACGCCGACGCC------------------AACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGGTACG-------------------------------------------------> DT75_RS05030
------------------------------AAATGGCCGGAAGACAACGACAAGGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAATTCAAGCAACGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------ACCGACGACGCCGCCAAAGAC
GCCGTTACCGCCGACGCC------------------------AAAGACGCCATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCATCTGATGCCAAA-------------------------------------------------> DT75_RS11715
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCT------TCTTCATCAATCATAGGCAAATATGTTGAAAGCGTTACGGTCACA
---------------AACGGCGTCGTTACCGCCAAAATGAAATCAGACGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGCCAAGCGTCAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GACAAAGCCGTCACCGACGAC
GCCGTCAAAGACGTCACCGGC---------------------AACGACAAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCATCT----------------------------------------------------------> DT75_RS11630
------ACCGAATATTACCTGAATCACGGCAAATGGCCGGAAAACAACGGCGATGCCGGC
GTGGCATCC------CCCGCCGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGACAAAAGACTCTCCCTGTGGGGCAGGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTAAGCGC------------GACGACACCGCCGCCAAAGACGAC
GACGTTACCGACGACAAA---------------------AACAACAACGGCATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCAACTGCCACC-----------------------------------------------------
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Table 12 (continued). Multiple sequence alignment of 219 pil genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> DT75_RS05035
------GCCGGGTATTGCCCGAATAACGGCAAATGGCCGGAAAACAACGGTGATGCCGGC
GTGGCATCC------CCCGCCGAAATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AAAGGCGTCGTTACCGCCGAAATGAAACCAAGCGGCGTAAACAAA
GAAATCCAAGGCAAAAAACTCTCCCTGTGGGGCAGGCGTGAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------------GCCAAAGCCAAAGACGCCGAC
GACGTTACCGACGACGCCGGCACC------GACAACGGCGGCAAAGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATAAATCAACTGCCGTTTGCATAGAAACACCACCTACGGCT
TTCTATAAAAATACC--------------> DT75_RS09470
------GCCGGGTATTACCTGAATCACGGCGAATGGCCCGCAAACAACGGCGATGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTGAAAGCGTTACGGTCGAA
---------------AAAGGCGTCGTTACCGCCAAAATGCTTTCAAGCGGCGTAAACAAT
GAAATCAAAAACAAAAAACTCTCCCTGTGGGCCAAGCGTGAAGCCGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC---------GACAACGCCAACGCCGCCAACGACGAC
ACCGTCACCGCCGACACCGACACC------------------AACGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------------------------TGCTTTCAAATC----------------------------------------> DT75_RS11350
---------------------------------------------AACACTTCTGCCGGC
GTGGCATCT------TCTTCATCAATCAAAGGCAAATATGTTAAAGAGGTTGAAGTTAAA
---------------AACGGCGTCGTTACCGCCGAAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTCAGCGC------------------------------GACGAC
ACCGTCACCGACGACGCCGGCACC------GACAACGGCGGCAAAGGCAAAATCGAC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAATCAACTGCCACC----------------------------------------------------> DT75_RS05040
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACGACTCTGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTAAGGAAGTTAAAGTCGAA
---------------AACGGCGTCGTCACCGCCACAATGAAATCAGACGGCGTAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTGAAAACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------------ACCGCCGGCGCCAACAACAACGAC
GAAGTCGCCAAAGCCGGCGCCGAC---------------GCCAACGGCAAAATCAGC--------------ACCAAG------------CACCTGCCGTCAACCTGCCGT--------------------------GATACGTCATCTGCCGAA----------------------------------------------------> DT75_RS11360
------ACCGAGTATTACCTGAATCACGGCATATGGCCGAAAGACAACGCTTCTGCCGGC
GTGGCATCC------GCTTCAGAAATCAAAGGCAAATATGTTCAAAGCGTTACGGTCGCA
---------------AACGGCGTCGTTACCGCCCAAATGAAATCAGACGGCATAAACAAA
GAAATCAAAGGCAAAAGACTCTCCCTGTGGGCCAAGCGTCAAGACGGTTCGGTAAAATGG
TTCTGCGGACAGCCGGTTACGCGC------ACCGAAGCCAACGCCAAAGCCGGCACCGAC
GACGTCGCCAAAGACGGC---------------------AACGGCAACGAAATCGAA--------------ACCAAG------------CACCTGCCGTCAACCTGCCGC--------------------------GATGAACCAACTGCCACC-----------------------------------------------------
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Table 13. Multiple sequence alignment of 86 opa genes from sequenced Neisseria gonorrhoeae
and Neisseria meningitidis strains.
>NMCC_RS08090
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACAATTAT
CCG---GAACCAACCGGTGCAGACAAAGAC---AAAATAAGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AAAGAAAGTAATTCTTCT
ACTAATACAGAAAATAGCGAGACT------CAACAGAACCGCATAAAGATTGAA-----------------------------------------------ACAGGACATCAGGGAAAC
GGCAGCTTCCACGCCGCTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGATACGTT---AAGCATCAGGTT
CATTCAGTGGAAAGCAAAACCAAGACTGTTACC-----------------------------------------CCTAAACCA---------------AATGGAGGCCCTGTCAAAGAA
---------GGTCCGACCCCCAAACCTGCCTATCACGAAAGCCACAGCATCAGCAGCGTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCGCTTC
>NMCC_RS08945
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACAGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---AAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGAC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACACAAAAGAGGTATCAAGA---AACAATAGCAATGGCAATGACACCTGG-----CAAGAACTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCGGTGAGAAAAGAAACCACGACTGTTTTC-----------------------------------------AGTAAACCAAGTGGTAGCGCTACAAAGCCAGGCCAGATCCCAAGT
------------TTGGTTACCAAACCTGCCTATCACGAAAGCCACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGATACCGGATACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGATTCAAAACCCACGAA--------------GTCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NMCC_RS07240
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCTTACGCCGCCGAACGCATTACCCACAATTAT
CCG---GAACCAACCGGTGCAGACAAAGAC---AAAATAAGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACACAAAAGAGGTATCAAGA---AACAATAGCAATGGCAATGACACCTGG-----CAAGAACTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCGGTGAGAAAAGAAACCACGACTGTTTTC-----------------------------------------AGTAAACCAAGTGGTAGCGCTACAAAGCCAGGCCAGATCCCAAGT
------------TTGGTTACCAAACCTGCCTATCACGAAAGCCACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGATACCGGATACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGATTCAAAACCCACGAA--------------GTCTCATTGGGCGTGCGCTACCGCTTC
>NMCC_RS04530
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCTTATGCCGCCGAACGCATTACCCACGATTAT
CCG---AAACCAACCGGTACAGACAAAGAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCT
CGTGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACACAAAAAATGTGCAAAAA------AACGACAATGGCAACAGGCAA-----------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACATTCCACGCCGTTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGTGTGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAAATGTTGTTACC-----------------------------------------GTCGCC---GGTGCTGCTAACACAGCACCTACGATTTATTAT-----------GCACCAGAGACGCAAAACGCCTATCACGAAAGCCACAGCATCCGCCGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NGBG_00044
--------------------------------------------------------------------------------------------------------------------CGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAACACATTACCCGCGATTAT
CCC---GATGCAGCCGGCGCAAACAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGGAAATGG---AACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGAAAGAAAGAAGAATAATAAAACTTCTGGCGTCGAC--------CAGCTTAACATAAAATACCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGACCC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGTGCGCGTC---------------GGCTACGGACACGTC---AGACACAGTATC
GATTCGACTAAAAAAACGAGAAATACTCTTACC-----------------------------------------GCCTAC---CATGGTAATGGCAGGGGATCTACGTATTATGATGAT
ATAGAGCCGGAAAAAAACCAAAAAAACACTTATCGCCAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
>NMA510612_RS09600
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---CAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGAC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AAAGAAAGTAATTATTCT
AAAAAAGTTACTGAATTTAAACAC---CAAAACGGCAACAAACAAGAAGACAAA-----------------------------------------------ACAGAACATCAGGGAAAC
GGCAGCTTCCACGCCACTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGGAAAGCAAAACCACGACTGTTACC-----------------------------------------ACTAAC------------------AATGGAGGCCCTGTCCCACAA
---------GGTCCGACCCCCAAACCTGCCTATCACGAAAGCCACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCACTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NMA510612_RS05670
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACAATTAT
CCG---GAACCAACCGGTGCAGACAAAGAC---AAAATAAGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGACTTT------------GGCGGC---TGGAGAATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACACAAAAAATGTGCAAAAA------AACGACAATGGCAACAGGCAA-----------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACATTCCACGCCGTTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGTGTGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAAATGTTGTTACC-----------------------------------------GTCGCC---GGTGCTGCTAACACAGCACCTACGATTTATTAT-----------GCACCAGAGACGCAAAACGCCTATCACGAAAGCCACAGCATCCGCCGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCGCTTC
>NMA510612_RS08495
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---CAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGAC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AAAGAAAGTAATTATTCT
AAAAAAGTTACTGAATTTAAACAC---CAAAACGGCAACAAACAAGAAGACAAA-----------------------------------------------ACAGAACATCAGGGAAAC
GGCAGCTTCCACGCCACTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGGAAAGCAAAACCACGACTGTTACC-----------------------------------------ACTAAC------------------AATGGAGGCCCTGTCCCACAA
---------GGTCCGACCCCCAAACCTGCCTATCACGAAAGCCACAGCATCAGCAGCGTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCACTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NMV_RS07285
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---AAACCAACCGGTACAGACAAAGAC---AAAATAAGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTGAACATAAAAAAGGGGAGAGAA---ACCCAGGACAATAGGGAA-----------------GAACTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGCTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGGCACGTT---AAACATCAGGTT
CATTCGGTGGAAACCAAAACCACGATTGTTACC-----------------------------------------TCTAAACCA---------------AATGGAGGCCCTGTCCCAAGT
------------TCGGTTACCAAACCTCCCTATCACCAAAGCCACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCACTTC
>NMV_RS02435
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACAGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGTATTACCCACGATTAT
CCG---AAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGAC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACACAAAAGTGTTGAAAGAA---AACCAGGGCAACAGGATA-----------------GAACTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCATCGCTCGGC---------------TTGTCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGTGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGAGAAAAGAAACCACGACTGCTTTC-----------------------------------------CTTAAACCATCGAAAGGTGCTACAGAGCCAGGCAAGATCCCAAGT
------------TTGGTTACCAAACCTGCCTATCACGAAAGCCACAGCACCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCACTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
>NMV_RS03615
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---AAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTATGATTTC------------GGCGAC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACACAAAAGAGGTGCAAAGA---AACAATAGCAATGGCACTGACACCTGG-----AAAGAACTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTTTCTTCTCTCGGC---------------TTATCAGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGTGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCGGTGAGAAAAGAAACCACGACTGTTTTC-----------------------------------------AGTAAACCAAGTGGTAGCACTACAAAGCCAGGCGAGATCCCAAGT
------------TTGGTTACCAAACCTGCCTATCACGAAAGCCACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGCTAC--------------CACAACTGGGGACGCTTGAAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCACTTC
>NMV_RS04535
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---AAACCAACCGGTACAGACAAAGAC---AAAATAAGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTGAACATAAAAAAGGGGAGAGAA---ACCCAGGACAATAGGGAA-----------------GAACTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGCTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGGCACGTT---AAACATCAGGTT
CATTCGGTGGAAACCAAAACCACGATTGTTACC-----------------------------------------TCTAAACCAAAAGGAAAACATCTAAAGGGAGGACCTGTCCCATTA
---------CAGCATTCCAGCCAACCTCCCTATCACGAAAGCAACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTTGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGCG_RS0100005
--------------------------------------------------------------------------------CCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGCA---CAATTAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACACAAAAAAGGTGGGAGAA---AGAAATAACGGAAACACAAACGTGGCG-----CAATATCTGAAG------------------------------GCGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGCCTCCTCGCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
GCAGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CGTTCAGTGGAAAGCGAAACCACGATTGTACTC-----------------------------------------AGTAAAATGAAAGACGTTACA---AAGCCAGGCGAGATCATAAAA
---------GGTCCGACCCACCAACCTGCCTATCACGAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCCTGGACGCCGGGTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
>DGI18_ c341005-341611
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCGCGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAGTAAATATTCC
GTCAGCATAAAAGAGTTGAAAAGT---AGCAGTAAGAGTAAGAGA-----------------GAACTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAATAACAGGGCTTCTTACC-----------------------------------------ACCACC---AGTACTCGTGGCGCAGAGCCTGGGAGTTATAAG-----------GTATCAACGACACCAGGCGCCCATCAAGAAAGCAACAGCATCCGCCGCGTG
------------GGC---CTCGGTGTCATCGCCGGCGTCGGT---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGNG_RS11370
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACATAGAAAAGGGGCAAGAA---GTCCATAAAAACAGGAGA-----------------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GACTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAGAAACAACGTTTCTTACC-----------------------------------------TCCTTC---TAT------GGTGTAAACCCTACGGTTTATACT-----------GAGAAAAATACGCAAAACGCCCATCACCAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGCGCAGTGGCAGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
> NGNG_RS13080
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ATA---------------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATC---------------CACCCC
AGGGTGTCGGTCGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGAAAG---TGGAACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGGAAGA---AAGGATGGTACCTCTTCTAGCGGCCGC--------TATCTTAACATACAAACCCGA---------------AAGACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTC---------------GGCTTGTCAACCGTTTAC
GATTTCAGA---------------GCCAACGAT------------AAATTCAAACCCTAT
ATCGGCGTGCGC---------------GTCGCCTACGGACAC---GTCAGACATCAGGTT
CATTCAATGGAAAAAGAAACCACGACTGTTACC-----------------------------------------ACTTACCCAAGCGACGGTAGT---GCGAAAACTTCTGTTCCATCA
---------GAAATGCCCCCCAAACCTGCCTATCACGAAAACCGCAGCAGCCGCCGC--------------TTGGGCTTCGGCGCGATGGCGGGCGTGGGC-----------------------ATAGACGTCGCGCCC---GGCCTGACCTTGGACGCCGGCTACCGC--------------TACCACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCAC--------------GAAGCCTCATTGGGCGTGCGCTACCGC---
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGNG_RS13085
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAAAAACATCCGCACCCGCTCCGTCCAC---------------CCC
CGGCTTGCCTTCGGCTACGATTTC------------GGCGGC---TGGCGCATCGCCGCG
GATTATGCCCGT---------------TACAGGAAATGG---CACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGGAAGA---AACGATAATAGCGCTTCTGACAGCAAG--------CATCTTAACATAAAAACCCAAAAG---------------ACGGAACATCAAGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGAGCC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGTGCGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CATTCAATGGAAAAAGAAACCACGACTGTTACC-----------------------------------------ACTTACCCAAGCGACGGTAGT---GCGAAAACTTCTGTTCCATCA
---------GAAATGCCCCCCAAACCTGCCTATCACGAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------------------------------------------------------------------------------------------------------------------------------------------------------> NGNG_RS15435
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---GAAGCAACCGCTCAAAAAAAAGGCACAACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAGTAAATATTCC
GTCAGCATAAAAGAGTTGAAAAGT---AAGAGTAAGAGTAAGAGTAAGAGA-----------GAACTGAAG------------------------------ACGGTAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCACGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAATAACAGGTACTCTTACC-----------------------------------------GCCACC---ATTACTCCTGGCAGAGCGCCTGGGGGTTATAAG-----------GTATCAACGACACCAGGCGCCCATCAAGAAAGCAACAGCATCCGCCGCGTA
------------GGT---CTCGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAC---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGNG_RS15830
-----------------------------------------------------------------------------------TCGGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GCGAGCATAAAAGAGTTGCAAAGA---AACGATAATAGCACTTCTGGCGGCAGA-----AGCCAACTTAACATAAGACACCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACGGCATC
GATTCGACTAAAAAAATAACAGGTACTCTTACC-----------------------------------------GCCTACCCTAGTGATGCTGACGCAGCAGTTACGGTTTATCCTGAC
---------GGACATCCGCAAAAAAACACCTATCAAAAAAGCAACAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
> NGNG_RS16255
--------------------------------------------------------------------------------------------------------------------GGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTACAAAAAAAGAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACATAAAAAATGTGCGGATA---CATGCAAGCAATGGCAACAGGATA-----------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAGGGTTTCTTACC-----------------------------------------GCCGCC---GGTCAGGATGGCGGAGCGCCTACGGTTTATAAT-----------AACGGAAGTACGCAAGACGCCCATCAAGAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGCGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAC---CTGACCTTGGACGCCGGGTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGO1513
ATGAATCCAGCCCGCAAAAAACCTTCTCTTCTCTTCTCTTCTCTTCTCTTCTCTTCTCTT
CTCTTCTCTTCTCTTCTCTTCTCTTCGGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCCAGGCAAAAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGCGCATCGCCGCG
GATTATGCCCGT---------------TACAGGAAATGG---CACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGAAAGA---AAGAATAATAAAACTTTTGGCGGCAAC--------CAGCTTAACATAAAATACCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAATAACAGGTACTCTTACC-----------------------------------------GCCTACCCTAGTGATGCTGACGCAGCAGTTACGGTTTATCCTGAC
---------GGACATCCGCAAAAAAACACCTATCAAAAAAGCAACAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCATGCGCTACCGCTTC
> NGO0066a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAGTAAATATTCC
GTCAACACAAAAAAGGTGAACGAA---AACAAGGGCGAAAAGATAAACGTGACG-----CAATATCTGAAG------------------------------GCGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGCATGCGCGTC---------------GGCTACGGGCACGTC---AGACATCAGGTT
CGTTCGGTTGAACAAGAAACCACGACTGTTACC-----------------------------------------ACTTACCTACAGAGTGGT------AAGCCAAGTCCTATCGTACGA
---------GGTTCGACCCTCAAACTTCCCCATCACGAAAGCCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGT---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGO0950a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGAC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGATTTC------------GGCAGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAGTAAATATTCC
GTCAACATAAAAAGGGTGAAAGAA---AACAATGGCAGCGGGAAAAAACTGACG-----CAAGACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
GCAGGCGTGCGCGTC---------------AGCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAGATGTTATTACC-----------------------------------------GCCCCCCCCACTACTTCTGACGGAGCACCTACAACTTATAATGCT
---------AATCCACAGACGCAAAACCCTTATCACCAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGCGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAC---CTGACCCTGGACACCGGCTACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> NGO1040a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAAAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACGACAATAAATATTCC
GTCGACATAAAAGAGTTGGAAAAC---AAGAATCAGAATAAGAGA-----------------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTTTCTTCTCTCGGC---------------TTATCAGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAGAGTTTCTTACC-----------------------------------------GCCGCC---GGTCAGGATGGCGGAGCGCCTACGGTTTATAAT-----------AACGGAAGTACGCAAGACGCCCATCAAGAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGCGTCATCGCCGGTATCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACACCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGO1073a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTACAAAAAAAGAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAGTAAATATTCC
GTCAACACAAAAAAGGTGAACGAA---AACAAGGGCGAAAAGATAAACGTGACG-----CAATATCTGAAG------------------------------GCGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAGAGTTTCTTACC-----------------------------------------GCCGCC---GGTCAGGATGGCGGAGCGCCTACGGTTTATAAT-----------AACGGAAGTACGCAAGACGCCCATCAAGAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGCGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAC---CTGACCTTGGACGCCGGGTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCATGCGCTACCGCTTC
> NGO1277a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACGACAATAAATATTCC
GTGAACATAAAAGAGTTGGGAAGA---AAGGATGGTACCTCTTCTAGCGGCCGC--------TATCTTAACATACAAACCCGAAAG---------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGAGCC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGTGCGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CATTCAATGGAAAAAGAAACCACGACTGTTACC-----------------------------------------ACTTACCCAAGCGACGGTAGT---GCGAAAACTTCTGTTCCATCA
---------GAAATGCCCCCCAAACCTGCCTATCACGAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGT---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGO1463a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATTACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGCGCATCGCCGCG
GATTATGCCCGT---------------TACAGGAAATGG---CACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGAAAGA---AAGAATAATAAAACTTTTGGCGGCAAC--------CAGCTTAACATAAAATACCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGAGTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGTGCGTGTC---------------GGCTACGGACACGTC---AGACACGGTATC
GATTCGACTAAAAAAACGAAAAATACTCTTACC-----------------------------------------GCCTAC---CATAGTGCTGGCACAAAACCTACGTATTATGATGAT
ATAGATTCGGGAAAAAACCAAAAAAACACTTATCGCCAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
> NGO1553a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGAC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGATTTC------------GGCAGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAGTAAATATTCC
GTCAACATAAAAAGGGTGAAAGAA---AACAATGGCAGCGGGAAAAAACTGACG-----CAAGACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
GCAGGCGTGCGCGTC---------------AGCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAGATGTTATTACC-----------------------------------------GCCCCCCCCACTACTTCTGACGGAGCACCTACAACTTATAATGCT
---------AATCCACAGACGCAAAACCCTTATCACCAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGCGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAC---CTGACCCTGGACACCGGCTACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGO1861a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAAAAACATCCGCACCCGCTCCGTCCAC---------------CCC
CGGCTTGCCTTCGGCTACGATTTC------------GGCGGC---TGGCGCATCGCCGCG
GATTATGCCCGT---------------TACAGGAAATGG---CACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGGAAGA---AACGATAATAGCGCTTCTGACAGCAAG--------CATCTTAACATAAAAACCCAAAAG---------------ACGGAACATCAAGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGAGCC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGTGCGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CATTCAATGGAAAAAGAAACCACGACTGTTACC-----------------------------------------ACTTACCCAAGCGACGGTAGT---GCGAAAACTTCTGTTCCATCA
---------GAAATGCCCCCCAAACCTGCCTATCACGAAAACCGCAGCAGCCGCCGCTTG
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------> NGO2060a
----------------------------------------------------------------------------------------------------------------------------------GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCCAGGCAAAAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACGACAATAAATATTCC
GTCGACATAAAAGAGTTGGAAAAC---AAGAATCAGAATAAGAGA-----------------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTTTCTTCTCTCGGC---------------TTATCAGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAATAACAGGTACTCTTACC-----------------------------------------GCCTACCCTAGTGATGCTGACGCAGCAGTTACGGTTTATCCTGAC
---------GGACATCCGCAAAAAAACACCTATCAAAAAAGCAACAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGO0070
---------------ATGAATCCAGCCCGCAAAAAACCTTCTCTTCTCTTCTCTTCTCTT
CTCTTCTCTTCTCTTCTCTTCTCTTCGGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCCAGGCAAAAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACGACAATAAATATTCC
GTCGACATAAAAGAGTTGGAAAAC---AAGAATCAGAATAAGAGA-----------------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTTTCTTCTCTCGGC---------------TTATCAGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAATAACAGGTACTCTTACC-----------------------------------------GCCTACCCTAGTGATGCTGACGCAGCAGTTACGGTTTATCCTGAC
---------GGACATCCGCAAAAAAACACCTATCAAAAAAGCAACAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> NGEG_RS03480
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCGCGATTAT
CCG---GAACCAACCGGTACAGGCAAAAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACATAGAAAATGTGCGGATA---CGTAAAGAGAATGGCATCAGGATA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAATAGAGGTTACTACC-----------------------------------------GTCCCCAGCAATGCTCCTAACGGAGCAGTTACAACTTATAATACT
---------GATCCAAAGACGCAAAACGATTAC---CAAAGCAACAGCATCCGCCGCGTG
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGEG_RS08355
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACGACAATAAATATTCC
GTCGACATAAAAGAGTTGGAAAAC---AAGAATAAGAATAAGAGA-----------------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTTTCTTCTCTCGGC---------------TTATCAGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAGAAAACAGCAAAGATCCTTACC-----------------------------------------TCCTCC---TATGGT---AACGGAAAACCTACGGTTTATACT-----------GAGGAAAATACGCAAAACGCCCATCGCGAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> NGEG_RS08830
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCGCGATTAT
CCG---GAACCAACCGGTACAGGCAAAAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACATAGAAAATGTGCGGATA---CGTAAAGAGAATGGCATCAGGATA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAGCAACAGAGTTTCTTACC-----------------------------------------GTCCCC---CATGGTAAGAACATAAAATCTACAACTTATGATAAT
ATT------AGTCCACAGACGCAAAACGCCCATCACCAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGEG_RS09880
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATTACCCACGATTAT
CCG---GAACCAACCGGTACAAAAAAAGAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACACAAAACTGGTGAGAGAA---AACGAAGACAATGGCAACAGGATA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCCTCACTCGGC---------------TTATCCGCTATTTAC
GATTTCCAAATA---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAATAGAGGTTGCTACC-----------------------------------------GTCCCCAGCAATGCTCCTAACGGAGCAGTTACAACTTATAATACT
---------GATCCAAAGACGCAAAACGATTAC---CAAAGCAACAGCATCCGCCGCGTG
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
> NGEG_RS11295
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTACAGGCAAAAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGGAAGA---AACGATAATAGCGCTTCTGGCGTCAGA-----AGTCATCTTAACATACAAACCCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGCCTCTTCTCTCGGC---------------TTGTCAACCATTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
ATCGGCATGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGGAAAAAGAAACTACGACTGTTATC-----------------------------------------ACTTACCCAAAAAGCGGT------GCGCCAAGTTCTGTCCCAGGA
---------GCTGCGGTCGGAAAACCTGCCCATCACGAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAC---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGEG_04901
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCGGGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCGCGATTAT
CCG---GAACCAACCGGTACAGGCAAAAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACATAGAAAATGTGCGGATA---CGTAAAGAGAATGGCATCAGGATA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAGCAACAGAGTTTCTTACC-----------------------------------------GTCCCC---CATGGTAAGAACATAAAATCTACAACTTATGATAAT
ATT------AGTCCACAGACGCAAAACGCCCATCACCAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
> NGEG_RS01255
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAAAAACATCCGCACCCGCTCCGTCCAC---------------CCC
CGGCTTGCCTTCGGCTACGATTTC------------GGCGGC---TGGCGCATCGCCGCA
GATTATGCCCGT---------------TACAGGAAATGG---AAAGAAAGCAACTCTTCT
------ACTAAAAAAGTTGTTAAAGATATAAACGACAACCACCGAGAAACCCAA-----------------------------------------------ACAAAACATCAGGGAAAC
GGCAGCTTCCACGCCGCTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTT---AGGCATCAGGTT
CATTCAGTGGAAAGCGAAAACACGATTGTTACC-----------------------------------------TCTAAACAAACGCAAAGCACTAAACGGGGAGGCCCTGTCGAAACA
---------GGTTTTACCGCCAAACTTCCCCATCACGAAAGCCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGATACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGEG_RS03455
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---AAACCAACCGGTACAGGCAAAAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAGTAAATATTCC
GTGAACATAAAAGAGTTGGAAAGA---AGGAATAATATCACTTCTGGCGGCAGC--------CAGCTTAACATAAAACACCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCTATTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAATAACAGGTACTCTTACC-----------------------------------------GCCTAC---CATGGTGATGGCATAACACCTGTAGTCTCGAAACCC
GTCATTCCCGCGCAGGCGGGAATC-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------> NGDG_RS0107460
----------------------------------------------------------------------------------------------------------------------------------------------CTGGCTTACGCCTACGAGCACATCACCCACGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACGACAATAAATATTCC
GTCGACATAAAAGAGTTGCAAAGA---AGGAGGAATAGCACTTCTGGCGGCGGA-----AGCCAACTTAACATAAAACACCGAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGACCC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGTGCGCGTC---------------GGCTACGGACACGTC---AGACACAGTATC
GATTCGACTAAAAAAGCGAAAAATACTCTTACC-----------------------------------------GCCTACCCTAGTGATGTTAACAAAGCACCTACGTATTATGATAAT
ATAGAGTCGGGAGAAAACCAAAAAAACACTTATCGCCAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGDG_RS0110410
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGGAAATGG---AACAACAATAAATATTCC
GTCGACATAAAAGAGTTGGGAAGA---AACGATAAGACCTCTTCTGGCAAAAAA-----AACCATCTTAACATACAAACCCAAAAG---------------ACGGAACGTCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCATTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
ATCGGCATGCGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CATTCAATGGAAAAAGAAACCACGGCTGTTACC-----------------------------------------ACTTACCCAAGCAACGGTGGT---ACGCCAAGTGTTACCAAAAAT
---------GCTCCGATCCCCCAACCTGCTTATCACGAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAC---CTGACCTTGGACGCCGGGTACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
> NGDG_RS0107315
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ATA---------------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGCACCCGCTCCGTC---------------CACCCC
CGGGTGTCGGTCGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGAAAA---TGGAACGACAATAAATATTCC
GTCAACACAAAACTGGTGCGAACA---GGAGGTAATGAAAGGCTTCGCAACAAG-----GAAACCTTG------------------------------AAGACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTC---------------GGCTTGTCCGCCGTTTAC
GATTTCGAT---------------ACCGGTTCC------------CGCTTCAAACCCTAT
GCAGGCGTGCGC---------------GTCGCCTACGGACAC---GTCAGACATCAGGTT
CGTTCAGTGGAAAGCGAAACCACGATTGTACTC-----------------------------------------AGTAAAATGCCTGGCGTTGAA---AAGCCAGGCGAGCTCATAAAA
---------GGCCCGACCAGCAAACCTGCCCATCACGAAAGCCGCAGCGTCAGCAGC--------------TTGGGCTTCGGCGCAGTGGCAGGCGTAGGC-----------------------ATCGACATCACGCCC---AACCTGACCCTGGACGCCGGATACCGC--------------TACCACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCAC--------------GAAGCCTCATTGGGCATGCGCTACCGC---
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGFG_RS05770
--------------------------------------------------------------------------------CCTTCCGCAGCGCAGGCGGCGGGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---GAACCAACCGGTACAAAAAAAGAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTTAACATAAAAGAGTTGCTAAGA---AACGATAATGCCAATTCTGGCGGCAAC-----AAGCATCTTAACATAAAAACCCGAAAG---------------ACGGAACATCGGGAAAAC
GGCACATTCCACGCCGCCTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
ATCGGCATGCGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CGTTCGGTTCAACAAGAAACCATTGCTGTTACC-----------------------------------------ACTTACCCACAGAATGCT------GCGTCAAGTGTTACCACAAAT
---------GCTCCGATCCGCAAACTTCCCCATCACGAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
> NGFG_RS05305
--------------------------------------------------------------------------------TCTTCCGCCGCGCAGGCGGCAAGTGAAGGGAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACAAACCGCTCCAAAAAAAGCA---CAATTAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAGTAAATATTCC
GTCAGCATAAAAGAGTTGGGAAGA---AACGATAATAGCACTTCTAACAGCAGC--------CATCTTAACATAAAAACCCAAAAG---------------ACGGAACATCAAGAAAAC
GGCACATTCCACGCCACTTCTTCTCTCGGC---------------TTATCAGCCATTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CGTTCAGTGGAAAGCGAAACCACGACTGTTACC-----------------------------------------ACTCAC------------------AATGGAGCCCCTGTCCCACAA
---------GGTCCGACCCCCAAACCTGCCTATCACAAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGGGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGFG_RS10330
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCAAGTGAAGGCAATGGGCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGAC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCGTCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGGAAATGG---AACGACAATAAATATTCC
GTCGACATAAAAGAGTTGGAAAAC---AAGAATCAGAATAAGAGA-----------------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCCTCGCTCGGT---------------TTGTCAGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAAAGTTTCTTACC-----------------------------------------TCCTCC---TATGGT---GGCTTAAACCCTACGGTTTATACT-----------GAGGAAAATACGCAAAACGCCCATCACCAAAGTAACAGCATCCGCCGCGTG
------------GGC---CTCGGCGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACACCGGCTACCGCTAC--------------CACTATTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
> NGFG_RS08610
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---AAACCAACCGATCCAAGCAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTTGGCTACGACTTC------------GGTGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGGAAATGG---AGCGACAATAAATATTCC
GTCAGCATAAAAAATATGCGGGTA---CATAAACACAATAGCAACAGGAAA-----------AACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTTTCTTCTCTCGGC---------------TTATCCGCTATTTAC
GATTTCCAAATA---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAATAACAGGGCTTCTTACC-----------------------------------------ACC------AGTACTCCTGGCATAATGTCTGGGGTTTATAAG-----------GTATTAAGGACACCAGGCGCCCATCGCGAAAGCGACAGCATCCGCCGCGTG
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGFG_RS07085
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCGGGTGAAGACCATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---GAACAAACCGCTCCAAAAAAAGCA---CAATTAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTTAACATAAAAGAGTTGCTAAGA---AACGATAATGCCAATTCTGGCGGCAGC--------CATCTTAACATAAAAACCCGAAAG---------------ACGGAACATCGGGAAAAC
GGCACATTCCACGCCGCCTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
ATCGGCATGCGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CGTTCGGTTCAACAAGAAACCATTGCTGTTACC-----------------------------------------ACTTACCCACAGAATGCT------GCGTCAAGTGTTACCACAAAT
---------GCTCCGATCCGCAAACTTCCCCATCACGAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAC---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
> NGFG_RS11460
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ATA---------------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATC---------------CACCCC
AGGGTGTCGGTTGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGGAAA---TGGAACGACAATAAATATTCC
GTCGACATAAAAGAGTTGGAAAAC---AAGAATCAGAATAAGAGA-----------------GACCTG------------------------------AAGACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCCTCGCTC---------------GGTTTGTCAGCCGTTTAC
GATTTCAAA---------------CTCAACGAT------------AAATTCAAACCCTAT
ATCGGCGCGCGC---------------GTCGCCTACGGACAC---GTCAGACACAGCATC
GATTCGACTAAAAAAATAACAGGGCTTCTTACC-----------------------------------------ACC------AGTACTCCTGGCATAATGTCTGGGGTTTATAAG-----------GTATTAAGGACACCAGGCGCCCATCGCGAAAGCGACAGCATCCGCCGC--------------GTGGGTCTCGGTGTCATCGCCGGCGTCGGT-----------------------TTCGACATCACGCCC---AAGCTGACCCTGGACGCCGGCTACCGC--------------TACCACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCAC--------------GAAGCCTCATTGGGCGTGCGCTACCGC---
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGFG_RS08385
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---GAACCAACCGGTACAAAAAAAGAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTTGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGGAAATGG---AACGACAATAAATATTCC
GTCGACATAAAAGAGTTGGAAAAC---AAGAATCAGAATAAGAGA-----------------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCCTCGCTCGGT---------------TTGTCAGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAAAGTTTCTTACC-----------------------------------------TCCTCC---TATGGT---GGCTTAAACCCTACGGTTTATACT-----------GAGGAAAATACGCAAAACGCCCATCACCAAAGTAACAGCATCCGCCGCGTG
------------GGC---CTCGGCGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACACCGGCTACCGCTAC--------------CACTATTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
> NGFG_RS08090
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATTACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGCGCATCGCCGCG
GATTATGCCCGT---------------TACAGGAAATGG---CACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGAAAGA---AAGAATAATAAAACTTCTGGCGGCGAC--------CAGCTTAACATAAAATACCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGAGTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGTGCGTGTC---------------GGCTACGGACACGTC---AGACACGGTATC
GATTCGACTAAAAAAACGAAAAATACTCTTACC-----------------------------------------GCCTAC---CATGGTGCTGGCACAAAACCTACGTATTATGATGAT
ATAGATTCGGGAAAAAACCAAAAAAACACTTATCGCCAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGFG_RS00365
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---GAACCAACCGCTCCAAACAAGAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGCACCCGCTCCGTCCAC---------------CCC
CGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACATAGAAAATGTGCGGATA---CGTAAAGAGAATGGCATCAGGATA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCCTCACTCGGC---------------TTATCCGCTATTTAC
GATTTCCAAATA---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAATAGAGGTTACTACC-----------------------------------------GTCCCCAGCAATGCTCCTAACGGAGCAGTTACAACTTATAATACT
---------GATCCAAAGACGCAAAACGATTAC---CAAAGCAACAGCATCCGCCGCGTG
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGGTATCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> NGFG_RS00385
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---GAACAAACCGATCCAAGCAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTGAGCATAAAAGAGTTGCTAAGA---AACAAGGTCAATGGCAACAGGACA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GACTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAGAGGTTACTACC-----------------------------------------ATCCTC---CATGGTCCTGGCACAACCCCTACGGTTTATCCT-----------GGGAAAAATACGCAAGACGCCCATCGCGAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAC---CTGACCTTGGACGCCGGGTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGFG_RS06015
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---ACAACAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTGAGCATAAAAGAGTTGCTAAGA---AACAAGGGCAATGGCAACAGGACA-----------GACCTGAAG------------------------------GCGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GACTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAACAGAGGTTACTACC-----------------------------------------ATCCTC---CATGGTCCTGGCACAACCCCTACGGTTTATCCT-----------GGGAAAAATACGCAAGACGCCCATCGCGAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAC---CTGACCTTGGACGCCGGGTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
> IX30_RS05185
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGATTTC------------GGCAGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACATAGAAAAGGGGCAAGAA---GTCCATAAAAACAGGAGA-----------------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAGACCC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGTGCGCGTC---------------GCCTACGGACACGTC---AGATACGGCATC
GATTCGACTAAAAAAATAACAGGTACTCTTACC-----------------------------------------GCCTACCCTAATGATGCTGACGCAGCAGCTACGGTTTATCCTGAC
---------GGACATCCGCAAAAAAACACCTATCAAAAAAGCAACAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC

Continued on following page.

139

Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> IX30_RS08500
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCAAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACACGAAAAAGGCGAGAGAA---AACAGAGACAGTAAAAAAGGGACAACCGTGACG
GAATATCTGAAG------------------------------GCGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCCTCGCTCGGT---------------TTGTCAGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
GCAGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CGTTCAGTGGAAAGCGAAACCACGATTGTACTC-----------------------------------------AGTAAAACATTTGGCGTTGAA---AAGCCAGGCGAGCTCATAAAA
---------GGCCCGACCAGCAAACCTGCCCATCACGAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGGTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> IX30_RS11275
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGTCCGTAT---GTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCAAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACATAGAAAATGTGCGGATA---CGTAAAGAGAATGGCATCAGGATA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAGCAACAGAGTTTCTTACC-----------------------------------------GTCCCC---CATGGTAAGAACATAAAATCTACAACTTATGATAAT
ATT------AGTCCACAGACGCAAAACGCCCATCACCAAAGCGACAGCATCCGCCGCGTA
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGATACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> IX30_RS11320
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATTACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGCGCATCGCCGCG
GATTATGCCCGT---------------TACAGGAAATGG---CACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGAAAGA---AAGAATAATAAAATTTCTGGCAGCGAC--------CAGCTTAACATAAAATACCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGAGTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGTGCGTGTC---------------GGCTACGGACACGTC---AGACACGGTATC
GATTCGACTAAAAAAACGAAAAATACTCTTACC-----------------------------------------GCCTAC---CATGGTGTTGGCAAAGGATTTACGCATTATGATAAT
ATAGAGCCGGAAAAAAACCAAAAAAACACTTATCGCCAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
> IX30_RS11345
--------------------------------------------------------------------------------CCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCAAAAAAAAGGC---ACAATAAGCACG--------------GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGATTTC------------GGCAGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACATAGAAAAGGGGCAAGAA---GTCCATAAAAACAGGAGA-----------------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAGCAACAGAGTTTCTTACC-----------------------------------------GTCCCC---CATGGTCCTGGCACAACCCCTACGGTTTATCCT-----------GGGAAAAATACGCAAGACGCCCATCGCGAAAGCGACAGCATCCGCCGCGTG
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> IX30_RS11465
--------------------------------------------------------------------------------------GCAGCGCAGGCGGCGGGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCAAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACATAAAAGAGTTGGGAAGA---AACGAGAATAAAAATTCTGGCGGC-----------AAACTTAACATACAAACCCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTCTCCTCGCTCGGT---------------TTGTCAGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
ATCGGCGCACGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CGTTCGGTTGAACAAAAAACTGATATTGTTACC-----------------------------------------ACTTACCCAAACAACGGTGGT---GCGAAAACTTCTGTTCCATCA
---------AAAATGTCCCCCAAACCTGCCTATCACGAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGTCATCGCCGGCGTCGGTTTC-----------------------------------------------------------------------------------------------------------------------------------------------------------------------> NGHG_02137
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ATA---------------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATC---------------CACCCC
CGGGTGTCGGTCGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGAAAG---TGGAACAACAATAAATATTCC
GTTAACATAGAAAATGTGAAAAAA------CACGACAATGGCAACAGGATA-----------GACCGG------------------------------AAGACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCCTCACTC---------------GGCTTATCCGCTATTTAC
GATTTCCAA---------------ATAAACGAT------------AAATTCAAACCCTAT
ATCGGCGCGCGC---------------GTCGCCTACGGACAC---GTCAGACACAGCATC
GATTCGACCAAAAAAACAATAGAGGTTACTACC-----------------------------------------GTCCCCAGCAATGCTCCTAACGGAGCAGTTACAACTTATAATACT
---------GATCCAAAGACGCAAAACGATTAC---CAAAGCAACAGCATCCGCCGC--------------GTGGGTCTCGGTGTCATCGCCGGCGTCGGT-----------------------TTCGACATCACGCCC---AAGCTGACCCTGGACGCCGGCTACCGC--------------TACCACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCAC--------------GAAGCCTCGTTGGGCGTGCGCTACCGC---
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGIG_RS0100005
-----------------------------------------------------------------------------------TCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGCA---CAATTAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACACAAAAAAGGTGGGAGAA---AGAAATAACGGAAACACAAACGTGGCG-----CAATATCTGAAG------------------------------GCGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGCCTCCTCGCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
GCAGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CGTTCAGTGGAAAGCGAAACCACGATTGTACTC-----------------------------------------AGTAAAATGAAAGACGTTACA---AAGCCAGGCGAGATCATAAAA
---------GGTCCGACCCACCAACCTGCCTATCACGAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCCTGGACGCCGGGTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
> NGJG_RS10035
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACATAAAAAATGTGCGGATA---CGTGAAAACAATGGCAACAGGCAA-----------GATCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCACCTCCTCGCTCGGT---------------TTGTCAGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
GCAGGCGTGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAATAGAGGTTACTACC-----------------------------------------ATCCCC---CATGCTCCTAACGCAACACCTACGATTTATAGG-----------GTACCAAAGACACAAGACGCCCATCAAGAAAGCGACAGCATCCGCCGCGTG
------------GGC---CTCGGT---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGJG_RS14920
--------------------------------------------------------------------------------------------------------------------CGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACCAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAAAACTCC
GTCCAAATCAAAGAAGTAGGTAAC---GTTCCACCTAACAGGAAAGACCAAAAG-----------------------------------------------ACGGAAAATCAGGAAAAC
GGTACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACTAAAAAAACAACTGAGATTGTTACA-----------------------------------------ACTGTC---GGTAGCAATAAAGCAGCAGATACGGTACTGATT-----------GGGATAAGTACGCAAGACGCCCATCACCAAAGCAACAGCATCCGCCGCGTG
------------GGC---CTCGGC--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------> NGJG_02236
-----------------------------------------------------------------------------------------------------------------GGGCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATTACCCGCGATTAT
CCC---GATGCAGCCGGTGCAAACAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGCGCATCGCCGCG
GATTATGCCCGT---------------TACAGGAAATGG---CACAACAATAAATATTCC
GTGAACATAAAAGAGTTGGAAAGA---AGGAATAATAAAACTTCTGGCGGCGAC--------CAGCTTAACATAAAATACCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGAGTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGTGCGTGTC---------------GGCTACGGACACGTC---AGACACGGTATC
GATTCGACTAAAAAAACGAAAAATACTCTTACC-----------------------------------------GCCTAC---CATAGTGCTGGCACAAAACCTACGTATTATGATGAT
ATAGATTCGGGAAAAAACCAAAAAAACACTTATCGCCAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCGGC---CTGACCTTGGACGCCGGCTACCGCTAC----------------------------------------------------------------------------------------------------
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGKG_RS114400
--------------------------------------------------------------------------------------------------------------GGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCTACGAACACATTACCCACGATTAT
CCG---GAACCAACCGCTCCAAACAAGAAC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGCACCCGCTCCGTCCAC---------------CCC
CGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTGAACATAGAAAATGTGCAAAAA------CACGACAATGGCAACAGGATA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGTCTCCTCGCTCGGT---------------TTGTCCGCCGTTTAC
GACTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAACAATAGAGTTTCTTACC-----------------------------------------GCCCCCTCCAATGCTCCTAACGGAGCATCTACAAATTATGATATT
---------AGTCCAAAGACGCAAAACGCCCATCAAGAAAGCAACAGCATCCGCCGCGTG
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGGTATCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> NGKG_02151
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ATA---------------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATC---------------CACCCC
AGGGTGTCGGTCGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGAAAG---TGGAACAACAGTAAATATTCC
GTCAGCATAAAAAAGTTGCAAAAC---CAGTATAACAAG-----------------------------------------------------------AAGACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGCCTCCTCGCTC---------------GGCTTGTCCGCCGTTTAC
GACTTCAAA---------------CTCAACGAC------------AAATTCAAACCCTAT
ATCGGTGCGCGC---------------GTCGCCTACGGACAC---GTCAGACACAGCATC
GATTCGACCAAAAAAACAACAGGGTTTCTTACC-----------------------------------------ACCGCC---GGTGCTCGTGGCGCAGAGTCTGCGGTTCGTCCTTCT
---------TACAAAAGTACGCAAGACGCCCATCACCAAAGCAACAGCATCCGCCGC--------------GTGGGCCTCGGTGTCATCGCCGGTGTCGGT-----------------------TTCGACATCACGCCC---AACCTGACCCTGGACGCCGGCTACCGC--------------TACCACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCAC--------------GAAGCCTCATTGGGCATGCGCTACCGC---
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NGLG_RS113155
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ATA------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATC---------------CACCCC
AGGGTGTCGGTCGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGAAAG---TGGAACAACAATAAATATTCC
GTCAACACAAAACTGGTGAGAGAA---AACGAAAACAATAAAAAAGGGATAACCGTGACG
GAATATCTG------------------------------AAGGCGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGCCTCCTCGCTC---------------GGCTTGTCCGCCGTTTAC
GATTTCGAT---------------ACCGGTTCC------------CGCTTCAAACCCTAT
GCAGGCGTGCGC---------------GTCGCCTACGGACAC---GTTAAACATCAGGTT
CGTTCAGTGGAAAGCGAAACCACGATTGTACTC-----------------------------------------AGTAAAATGAAAGACGTTACA---AAGCCAGGCGAGATCATAAAA
---------GGTCCGACCCACCAACCTGCCTATCACGAAAGCCGCAGCATCAGCAGC--------------TTGGGCTTCGGCGCGATGGCGGGCGTGGGC--------------------------------------------------------------------------------------------------------------------------------------------------------------------------> NMAA_RS07235
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---CAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGAC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AAAGAAAGTAATTATTCT
AAAAAAGTTACTGAATTTAAACAC---CAAAACGGCAACAAACAAGAAGACAAA-----------------------------------------------ACAGAACATCAGGGAAAC
GGCAGCTTCCACGCCACTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGGAAAGCAAAACCACGACTGTTACC-----------------------------------------ACTAAC------------------AATGGAGGCCCTGTCCCACAA
---------GGTCCGACCCCCAAACCTGCCTATCACGAAAGCCACAGCATCAGCAGCGTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCACTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMA_RS08415
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---CAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGAC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AAAGAAAGTAATTATTCT
AAAAAAGTTACTGAATTTAAACAC---CAAAACGGCAACAAACAAGAAGACAAA-----------------------------------------------ACAGAACATCAGGGAAAC
GGCAGCTTCCACGCCACTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGGAAAGCAAAACCACGATTGTTACC-----------------------------------------TCTAAACCAACGAAAGGTGCTACACAGCCAGGCAAGCTTGTATCA
---------GGTCCGACCCCCAAACCTGCTTATCACGAAAGCAACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCATGCGCTACCACTTC
> NMA_RS09545
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---CAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCT
CGGGTGTCGGTCGGCTACGATTTC------------GGCGAC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AACGACAATAAATATTCC
GTCAACACAAAAAATGTGCAGGTG---AATAAAAGCAATGGCAACAGGCAA-----------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACATTCCACGCCGTCTCCTCGCTCGGC---------------TTGTCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGTGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGGAAAGCAAAACCACGATTGTTACC-----------------------------------------TCTAAACCAACGAAAGGTGCTACACAGCCAGGCAAGCTTGTATCA
---------GGTCCGACCCCCAAACCTGCTTATCACGAAAGCAACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACTTTAGACACCGGATACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC

Continued on following page.

147

Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMO_RS08835
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACAGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---CAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AAAGAAAGTAATTATTCT
AAAAAAGTTACTGAATTTAAACAC---GAAAACGGCAACAAAAAAGAAGACAAA-----------------------------------------------ACAGAACATCAGGGAAAC
GGCAGCTTCCACGCCGCTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGGAAAGCAAAACCACGACTGTTACC-----------------------------------------TCTAAA------------------GGTGGAGGCCCTATCCCACAA
---------GGTCCGACCCCCAAACCTCCCTATCACGAAAGCAACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACTTTAGACACCGGATACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCGTGCGCTACCACTTC
> NMO_RS04485
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACAGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---AAACCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACATAAAAAAGGGGAGAGAA---ACCCAGGACAATAGGGAA-----------------GAACTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGCAGCTTCCACGCCGCTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAATTCGATAAA---TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGGCACGTT---AAACATCAGGTT
CATTCGGTGGAAACCAAAACCACGATTGTTACC-----------------------------------------TCTAAACCAAAAGGAAAACATCTAAAGGGAGGACCTGTCTCATCA
---------AGAGAGCTCAGCAAACCTCCCTATCACGAAAGCCACAGCATCAGCAGCTTG
------------GGT---CTTGGCGTTATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCTTGGACACCGGATACCGTTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> NMO_RS08030
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCAGCCGC
AGCCCGTATTATGTGCAGGCGGATTTAGCTTATGCCGCCGAACGCATTACCCACGATTAT
CCG---AAAGCAACCGGTGCAAACAACACA---------AGC---------------ACA
GTAAGCGATTATTTCAGAAACATCCGTGCGCATTCCATCCAC---------------CCC
CGGGTGTCGGTCGGCTACGATTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCAGT---------------TACAGAAAATGG---AAAGAAAGTAATTATTCT
AAAAAAGTTACTGAATTTAAACAC---GAAAACGGCAACAAAAAAGAAGACAAA-----------------------------------------------ACAGAACATCAGGGAAAC
GGCAGCTTCCACGCCGCTTCTTCTCTCGGC---------------TTATCCGCCATTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGCGCGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CATTCAGTGGAAAGCAAAACCACGACTGTTACC-----------------------------------------TCTAAA------------------GGTGGAGGCCCTATCCCACAA
---------GGTCCGACCCCCAAACCTCCCTATCACGAAAGCAACAGCATCAGCAGCTTG
------------GGT---CTTGGTGTCATCGCCGGTGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACTTTAGACACCGGATACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GTCTCATTGGGCGTGCGCTACCACTTC
> AW44_RS11510
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTGAGCATAAAAGAGTTGGGAAGA---AACGGTAATGAAAATTCTGGCGGC-----------AAACTTAACATACAAACCCAAAAG---------------ACGGAACATCAAGAAAAC
GGCACATTCCACGCCGCCTCTTCTCTCGGC---------------TTGTCAACCATTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
ATCGGCATGCGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CGTTCGGTTCAACAAGAAACCATTGCTGTTACC-----------------------------------------ACTTACTCAAAGGAACAGAATGTTGCGCCAAGTGTTACCACAGGT
---------GGTCCGACCAAAAAACCTGCCCATCACGAAAGCCGCAGCACCCGCAGCTTG
------------GGC---TTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAG---CTGACCTTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCGTTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> AW44_RS11545
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGGTGCAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTGAACACAAAAGAGTTGGGAAGA---AACGGTAATGAAAATTCTGGCGGCGAC--------CAGCTTAACATAAAACACCAAAAG---------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCAACCGTTTAC
GATTTCAGACCC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGCATGCGCGTC---------------GCCTACGGACACGTC---AGACACGGCATC
GATTCGACTAAAAAAACGAAAAATACTCTTACC-----------------------------------------GCCTAC---CATGGTGTTGGCAAAGGATCTACGTATTATGATAAT
ATAGAGCCGGAAAAAAACCAAAAAAACACTTATCGCCAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCAAG---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
> AW44_RS11570
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATC---------------CACCCC
AGGGTGTCGGTCGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGAAAG---TGGAACAACAATAAATATTCC
GTTAACATAGAAAATGTGAAAAAA------CACGACAATGGCAACAGGATA-----------GACCGG------------------------------AAGACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTC---------------GGCTTGTCCGCCGTTTAC
GATTTCAAA---------------CTCAACGAC------------AAATTCAAACCCTAT
ATCGGTGCGCGC---------------GTCGCCTACGGACAC---GTCAGACACAGCATC
GATTCGACTAAAAAAACAACAGAGTTTCTTACC-----------------------------------------GCCGCC---GGTCAGGATGGCGGAGCGCCTACGGTTTATAAT-----------AACGGAAGTACGCAAGACGCCCATCAAGAAAGCGACAGCATCCGCCGC--------------GTGGGCCTCGGCGTCATCGCCGGCGTCGGT-----------------------TTCGACATCACGCCC---AAGCTGACCTTGGACGCCGGCTACCGC--------------TACCACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCAC--------------GAAGCCTCGTTGGGCGTGCGCTACCGC---
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> AW44_14290
-----------------------------------------------------------------------------------TCCGCAGCGCGGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAGCCGGTGCAAAAAAAGGC---AAAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACATAAAAAATGTGCGGATA---CATGCAAGCAATGGCAACAGGATA-----------GACCTGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAACAACAGGGTTTCTTACCACCGCCGGTGCTCGTGGCGCAGCACCTA
CGGTTTCTTCTCCTTACAAAAATACGCAAAGCACCCATCGCGAAAGCGACAGCATCCGCC
GCGTGGGCCTCGGTGTCATCGCCGGCGTCGGTTTCGACATCACGCCCAAGC----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------> BK60_11785
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------TTA---------------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATC---------------CACCCC
AGGGTGTCGGTCGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGAAAG---TGGAAAGAAAGCAATTCTTCT
------ATTAAAAAAGTTACTGAAGATATAAAAGACAACTACAAAGAAACC-----------------------------------------------AAAACAGAACATCAGGAAAAC
GGCACATTCCACGCCGTTTCTTCTCTC---------------GGCTTGTCAACCATTTAC
GATTTCCAA---------------ATAAGCGAT------------AAATTCAAACCCTAT
ATCGGTGTGCGC---------------GTCGGCTACGGACAC---GTCAGACATCAGGTT
CGTTCGGTTGGGCAAGAAACTATAACTGTTACC-----------------------------------------CCTAAACCAAAGAATGGTACA---CAAGGAGGTCCTGTTAAATCA
------------ACTAGCCCCATCCCTGCCTATCACGAAAACCGCAGCAGCCGCCGC--------------TTGGGCTTCGGCGCGATGGCGGGCGTGGGC-----------------------ATAGACGTCGCGCCC---GGCCTGACCTTGGACGCCGGCTACCGC--------------TACCACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCAC--------------GAAGCCTCATTGGGCGTGCGCTACCGC---
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> BK60_RS11495
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ATA---------------------------------------------AGCACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATC---------------CACCCC
AGGGTGTCGGTCGGCTACGAC---------------TTCGGCGGCTGGAGGATAGCGGCA
GATTATGCC---------------CGTTACAGAAAG---TGGAACAACAGTAAATATTCC
GTCAGCATAAAAAAGTTGCAAAAC---CAGTATAACAAG-----------------------------------------------------------AAGACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGCCTCCTCGCTC---------------GGCTTGTCCGCCGTTTAC
GACTTCAAA---------------CTCAACGAC------------AAATTCAAACCCTAT
ATCGGTGCGCGC---------------GTCGCCTACGGACAC---GTCAGACACAGCATC
GATTCGACCAAAAAAACAACAGGGTTTCTTACC-----------------------------------------ACCGCC---GGTGCTCGTGGCGCAGGGTCTGCGGTTCGTCCTTCT
---------TACAAAAGTACGCAAGACGCCCATCACCAAAGCAACAGCATCCGCCGC--------------GTGGGCCTCGGTGTCATCGCCGGTGTCGGT-----------------------TTCGACATCACGCCC---AACCTGACCCTGGACGCCGGCTACCGC--------------TACCACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCAC--------------GAAGCCTCATTGGGCGTGCGCTACCGC--> BK60_RS11400
--------------------------------------------------------------------------------TCTTCCGCAGCGCGGGCGGCGGGTGAAGACCATGGGCGC
GGCCCGTAT---GTGCAGGCGGATCTGGCTTACGCCTACGAGCACATCACCCGCGATTAT
CCC---GATGCAGCCGGTCTAGAAAAAGGC---AAAAAAATAAGC------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AAAGAAAGTAATTCTTCT
------ACTAAAAAAGTTACTGAAGATATAAAAGACAACTACCGAGAAACCAAA-----------------------------------------------ACAGAACATCAAGGAAAC
GGCAGCTTCCACGCCGCTTCTTCTCTCGGC---------------TTATCCGCCGTTTAC
GATTTCAAACTC---------------AACGATAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GGCTACGGACACGTC---AGACATCAGGTT
CGTTCGGTTGGGCAAGAAACTATAACTGTTACC-----------------------------------------CCTAAACCAAAGAATGGTACG---CAAGGAGGTTCTGTTATATCA
------------ACTAGCCCCGTCCCTGCCTATCACGAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGCGATGGCGGGCGTGGGCATA-----------------------GACGTCGCGCCCAAC---CTGACCCTGGACGCCGGCTACCGCTAC--------------CACTATTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCGTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> DT75_RS08420
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCAAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACACGAAAAAGGCGAGAGAA---AACAGAGACAGTAAAAAAGGGACAACCGTGACG
GAATATCTGAAG------------------------------GCGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTCTCCTCGCTCGGT---------------TTGTCAGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
GCAGGCGTGCGCGTC---------------GCCTACGGACACGTT---AAACATCAGGTT
CGTTCAGTGGAAAGCGAAACCACGATTGTACTC-----------------------------------------AGTAAAACATTTGGCGTTGAA---AAGCCAGGCGAGCTCATAAAA
---------GGCCCGACCAGCAAACCTGCCCATCACGAAAGCCGCAGCATCAGCAGCTTG
------------GGC---TTCGGCGCAGTGGCAGGCGTAGGCATC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGGTACCGCTAC--------------CACAACTGGGGACGCTTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> DT75_RS09370
--------------------------------------------------------------------------------CCTTCCGCAGCGCAGGCGGCAAGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTACGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCAAAAAAAAGGC---ACAATAAGCACG--------------GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGATTTC------------GGCAGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAGTGG---AACAACAATAAATATTCC
GTCAACATAGAAAAGGGGCAAGAA---GTCCATAAAAACAGGAGA-----------------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAGCAACAGAGTTTCTTACC-----------------------------------------GTCCCC---CATGGTCCTGGCACAACCCCTACGGTTTATCCT-----------GGGAAAAATACGCAAGACGCCCATCGCGAAAGCGACAGCATCCGCCGCGTG
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAC---CTGACCCTGGACGCCGGATACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> DT75_RS11105
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCAAGTGAAGGCAATGGCCGC
GGTCCGTAT---GTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCAAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACATAGAAAATGTGCGGATA---CGTAAAGAGAATGGCATCAGGATA-----------GACCGGAAG------------------------------ACGGAAAATCAGGAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGC---------------TTGTCCGCCGTTTAC
GATTTCAAACTC---------------AACGACAAA------------TTCAAACCCTAT
ATCGGTGCGCGCGTC---------------GCCTACGGACACGTC---AGACACAGCATC
GATTCGACCAAAAAAGCAACAGAGTTTCTTACC-----------------------------------------GTCCCC---CATGGTAAGAACATAAAATCTACAACTTATGATAAT
ATT------AGTCCACAGACGCAAAACGCCCATCACCAAAGCGACAGCATCCGCCGCGTA
------------GGT---CTCGGTGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGATACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> DT75_RS11395
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------GATGCA
GCCGGT------------GCAAACCAAGGCAAAAAAATAAGCACGGTAAGCGAT--------------TATTTCAGAAACATCCGTACGCATTCCATCCACCCCAGGGTGTCG--------------GTCGGCTACGATTTCGGCAGCTGGAGGATAGCG---------------GCA
GATTATGCCCGTTACAGAAAGTGGAACAACAATAAA------------------TATTCC
GTCAACATAGAAAAGGGGCAAGAA---GTCCATAAAAACAGGAGA-----------------GACCGGAAGACGGAAAATCAG------------------------------GAAAAC
GGTACGTTCCACGCCGTTTCTTCTCTCGGCTTGTCCGCCGTT---------------TAC
GATTTCAGACCCAACGATAAATTCAAACCCTAT--------------------------ATCGGTGTGCGCGTCGCCTACGGACACGTCAGATACGGCATC-----------------GATTCGACTAAAAAAATAACAGGTACTCTTACC-----------------------------------------GCCTACCCTAATGATGCTGACGCAGCAGCTACGGTTTATCCTGAC
---------GGACATCCGCAAAAAAACACCTATCAAAAAAGCAACAGCAGCCGCCGCTTG
GGCTTCGGCGCGATG---------------GCGGGCGTGGGCATAGACGTCGCGCCCGGC
CTGACCCTGGAC---------------------------GCCGGCTACCGCTACCACAAC
TGGGGA---------------CGCTTGGAAAACACCCGCTTCAAAACCCACGAAGCCTCA
TTGGGC---------------GTGCGCTACCGCTTC
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Table 13 (continued). Multiple sequence alignment of 86 opa genes from sequenced Neisseria
gonorrhoeae and Neisseria meningitidis strains.
> DT75_RS11570
--------------------------------------------------------------------------------TCTTCCGCAGCGCAGGCGGCGGGTGAAGACGGCGGCCGC
GGCCCGTAT---GTGCAGGCGGATTTAGCCTATGCCGCCGAACGCATTACCCACGATTAT
CCG---GAACCAACCGCTCAAAAAAAAGGC---ACAATAAGC---------------ACG
GTAAGCGATTATTTCAGAAACATCCGTACGCATTCCATCCAC---------------CCC
AGGGTGTCGGTCGGCTACGACTTC------------GGCGGC---TGGAGGATAGCGGCA
GATTATGCCCGT---------------TACAGAAAATGG---AACAACAATAAATATTCC
GTCAACATAAAAGAGTTGGGAAGA---AACGAGAATAAAAATTCTGGCGGC-----------AAACTTAACATACAAACCCAAAAG---------------ACGGAACATCAGGAAAAC
GGCACATTCCACGCCGTCTCCTCGCTCGGT---------------TTGTCAGCCGTTTAC
GATTTCGATACC------------GGTTCCCGC---------------TTCAAACCCTAT
ATCGGCGCACGCGTC---------------GCCTACGGACACGTC---AGACATCAGGTT
CGTTCGGTTGAACAAAAAACTGATATTGTTACC-----------------------------------------ACTTACCCAAACAACGGTGGT---GCGAAAACTTCTGTTCCATCA
---------AAAATGTCCCCCAAACCTGCCTATCACGAAAACCGCAGCAGCCGCCGCTTG
------------GGC---TTCGGCGTCATCGCCGGCGTCGGTTTC-----------------------GACATCACGCCCAAG---CTGACCCTGGACGCCGGATACCGCTAC--------------CACAACTGGGGACGCCTGGAAAACACCCGCTTCAAAACCCACGAA--------------GCCTCATTGGGCATGCGCTACCGCTTC
> DT75_RS11595
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------GATGCA
GCCGGT------------GCAAACAAAGGC---AAAATAAGCACGGTAAGCGAT--------------TATTTCAGAAACATCCGTACGCATTCCATCCACCCCAGGGTGTCG--------------GTCGGCTACGACTTCGGCGGCTGGCGCATCGCC---------------GCG
GATTATGCCCGTTACAGGAAATGGCACAACAATAAA------------------TATTCC
GTGAACATAAAAGAGTTGGAAAGA---AAGAATAATAAAATTTCTGGCAGCGAC--------CAGCTTAACATAAAATACCAAAAGACGGAACATCAG---------------GAAAAC
GGCACATTCCACGCCGTTTCTTCTCTCGGCTTGTCAACCGTT---------------TAC
GATTTCAGAGTCAACGATAAATTCAAACCCTAT--------------------------ATCGGTGTGCGTGTCGGCTACGGACACGTCAGACACGGTATC-----------------GATTCGACTAAAAAAACGAAAAATACTCTTACC-----------------------------------------GCCTAC---CATGGTGTTGGCAAAGGATTTACGCATTATGATAAT
ATAGAGCCGGAAAAAAACCAAAAAAACACTTATCGCCAAAACCGCAGCAGCCGCCGCTTG
GGCTTCGGCGCGATG---------------GCGGGCGTGGGCATAGACGTCGCGCCCGGC
CTGACCTTGGAC---------------------------GCCGGCTACCGCTACCACTAT
TGGGGA---------------CGCTTGGAAAACACCCGCTTCAAAACCCACGAAGCCTCA
TTGGGC---------------GTGCGCTACCGCTTC
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4.1.3 Calculation of polymorphisms and informative sites, dN and dS
Synonymous and nonsynonymous DNA substitution rates were assessed using gene
alignments subjected to polymorphism analysis by DnaSP version 5.10.1 (Librado and Rozas,
2009) and the PAML version 4.8 suite of tools (Yang, 2007). DnaSP analysis included the use
of a sliding window approach to visualize both synonymous and nonsynonymous
polymorphisms across both intra- and interspecies alignments which identified the number of
singleton and parsimony informative sites for each alignment. YN00 was employed in the PAML
suite to calculate the number of synonymous polymorphisms per synonymous site (dS) and the
number of nonsynonymous polymorphisms per nonsynonymous site (dN), while baseml was
utilized to determine the rate of nucleotide substitutions (Yang and Nielsen, 2000). Baseml
analysis involved the application of seven different nucleotide substitution models (JC69, K80,
F81, F84, T92, TN93, and REV) toward the pil nucleotide alignment in order to determine the
best-fit model for the dataset by determining the 2δ of the upper limit of the log-likelihood from
each derived tree.
4.1.4 Detection of recombination
To determine whether the detected polymorphisms arose due to frequent recombination,
the standard measure of linkage disequilibrium, Dʹ, was estimated for each alignment (Lewontin,
1964). The ratio of significant phylogenetically informative sites (p < 0.05) to the number of
possible pairwise comparisons was used to determine if the number of detected sites would be
expected under pure randomness. This test was performed with DnaSP v. 5.10 (Librado and
Rozas, 2009). Putative gene conversion events between pil and opa were detected using
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Geneconv v. 1.81 (Hartl and Sawyer, 1991; Sawyer, 1989) and displayed with Circos
(Krzywinski et al., 2009). This program determines the length of fragments that contain similar
quantities and patterns of polymorphisms between paired alleles. Polymorphic sites of paired
alleles are then randomized 10,000 times to generate a random sample of fragments given the
observed number of polymorphic sites. The observed fragments are then compared with the
permuted lengths to determine whether they are longer than expected by chance and to compute
p values. Statistically significant gene conversion fragments were further parsed to remove any
detected recombination events that occurred entirely within constant regions.
4.1.5 Computational analysis for the determination of sites under selective pressures
To determine sequence divergence from neutral expectations, mathematical tests that
apply the neutral theory of evolution as the null hypothesis were employed. These “tests of
neutrality” can provide insights into intraspecific (Tajima’s D) and interspecific (dN/dS, Poisson
Random Field Model, phylogenetic analysis by maximum likelihood) selection pressures
(Biswas and Akey, 2006; Goldman and Yang, 1994; Hartl et al., 1994). Tajima’s test, the
Poisson Random Field Model (PRFMLE) and phylogenetic analysis by maximum likelihood
(PAML) were used to estimate the direction of selection pressures acting on the pil and opa
genes.
The Tajima test uses the DT statistic which is computed from the difference in the
expectation (S) and the variance of the average number (𝑘̂) of (pairwise) nucleotide differences
between DNA sequences (Tajima, 1989). By applying the Tajima test via DnaSP v. 5.10, a
sliding window approach allows calculation of DT along various intervals in the alignments
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(Librado and Rozas, 2009). Additionally, the M7 and M8a site models of CODEML (in the
PAML suite) were also employed (Nielsen and Yang, 1998; Wong et al., 2004; Yang et al.,
2000). All site models use the codon rather than a single nucleotide as the unit of evolution
(Nielsen and Yang, 1998). The M7 model cannot account for positively selected sites (dN/dS <
1), while the alternative M8a model allows for positive selection (dN/dS > 1). Positive selection is
indicated if the M8a likelihood score is significantly better than that of M7. Likelihood ratio tests
(LRTs) were performed on the log-likelihoods in order to compare the levels of significance
between the null (M7) and alternative (M8a) models (Yang et al., 2000). The Poisson Random
Field Model (PRF) (Sawyer and Hartl, 1992), applied through the PRFMLE program, estimates
the intensity of selection on synonymous and nonsynonymous sites (Akashi, 1995; Hartl et al.,
1994). The PRF model estimates the expected number of polymorphic sites in a population
(Sawyer, 1994; Sawyer and Hartl, 1992; Sethupathy and Hannenhalli, 2008), permitting the
values of the per locus mutation rate parameter (μ) and the scaled selection pressure (γ) to be
estimated through a likelihood equation. The unscaled value of γ would be equal to the selective
advantage of the cell expressing a given gene with the sign (+ or -) of the variable conveying the
direction of selection pressure (Rich et al., 2001).
4.1.6 Structural prediction of conserved and variable regions
Protein structures of Pil and Opa were obtained from RCSB Protein Data Bank (PDB)
(Berman et al., 2000). These structures, along with the constructed protein alignments and
phylogenetic trees, were used to visualize regions determined to be under positive selection with
The Consurf Server (Ashkenazy et al., 2010; Celniker et al., 2013; Glaser et al., 2003; Landau et
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al., 2005). The structures of Pil 2HIL (Craig et al., 2006) and Opa 2MAF (Fox et al., 2014) were
used in this analysis. Proteins were depicted with UCSF Chimera (Pettersen et al., 2004).
4.2 Results
4.2.1 Intra- and interspecies homology varies among Neisseria genes
As both pil and opa genes give rise to sense and antisense cis-encoded sRNAs (Figs. 4
and 5) which appear to arise from recurring promoter motifs (Fig 13), sequence homology
analysis was performed and the influence of selection pressures within coding regions were
determined. Phylogenetic trees constructed from nucleotide sequence alignments can provide
insights into gene divergence based upon sequence polymorphisms, insertions and deletions. pil
and opa phylogenies reveal a high degree of divergence between the two Neisseria species with
both genes forming a species-specific cluster (Figs. 14A and B). However, within a species,
sequence conservation between isolates from similar geographic locations, disease
manifestations (Gc), or serogroups (Mc) is relatively weak. Instead, strains of Gc and Mc from
distinct locales share few homologous genes (third ring in Fig. 14), implying that the observed
polymorphisms within pil and opa have occurred independently, following the divergence of the
two species, yet not before allowing polymorphisms to emerge prior to strain differentiation
(colored boxes closest to the tree in Fig. 14) and geographical isolation (third ring in Fig. 14).
The majority of pil and opa genes exhibit intraspecific homology, with a single pil gene of Gc
(arrow 1; Fig. 14A) and two opa genes of Mc (arrows 2 and 3 in Fig. 14B) serving as outliers.

159

Figure 14. pil and opa phylogenetic trees.
Continued on following page.
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Figure 14 (continued). pil and opa phylogenetic trees
(a) 219 pil genes analyzed; (b) 86 opa genes analyzed. The colored boxes closest to the trees
indicate the strain of N. gonorrhoeae or N. meningitidis (ring 1), while the second ring signifies
the species of the isolate, either N. gonorrhoeae (dark gray rectangles) or N. meningitidis (white
ovals) (ring 2). The third ring denotes the geographical region of the isolate, when known, which
include North America (dark grey diamonds), Asia (light grey octagon), Africa (light grey
hexagon), New Zealand (black hexagon), South America (inverted white pentagon), Sweden
(light grey pentagon), and Germany (white pentagon) (ring 3). The outermost ring indicates the
severity of the disease or the serogroup of the strain, including isolates from PID (outward dark
grey triangle), DGI (inward facing dark grey triangle), uncomplicated infections (inward facing
white pentagon), and antibiotic resistant strains (outward facing dark grey pentagon) of N.
gonorrhoeae; and unencapsulated strains (slim white rectangle), serogroup W (outward facing
dark grey pentagon), serogroup C (inward facing light grey pentagon), serogroup A (outward
facing light grey triangle), and serogroup B (inward facing light grey triangle) strains of N.
meningitidis (ring 4). While the polymorphisms, insertions, and deletions within the majority of
pil and opa genes are unique to a single species (either N. gonorrhoeae or N. meningitidis; as
indicated by the solid lines above the figures), there is a single pil gene from Gc indicated by
arrow 1 in (a) and two opa genes from Mc indicated by arrows 2 and 3 in (b) that display more
homology to genes from the opposite species.
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4.2.2 A positive selection-dominated landscape in Neisseria variable genes
As pil (Haas and Meyer, 1986; Hagblom et al., 1985) and opa (Bhat et al., 1992)
sequences are known to contain conserved and variable regions, protein alignments were
constructed in order to delineate the conserved segments. Sliding window analysis revealed that
the majority of detected polymorphisms occurred within two or more gene sequences and were
therefore parsimony-informative (Fig. 15). These parsimony-informative polymorphisms were
detected throughout the length of the opa (Fig. 15A) and pil (Fig. 15B) alignments (Fig. 15A).
Consequently, nucleotide sequence variation is not restricted to just the variable regions of the
genes.
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Figure 15. Location of polymorphisms within nucleotide alignments.
Nucleotide alignments of (a) 69 GC opa genes and 17 MC opa genes and (b) 148 GC pil genes
and 71 MC pil genes. Red circles indicate intra-species polymorphisms within Gc (a and b), blue
squares indicate intra-species polymorphisms within Mc (a and b), and black diamonds indicate
inter-species polymorphisms present within opa and pil genes of Gc and Mc (a and b). The lines
along the bottom indicate the conserved regions (black line), the variable regions (dark gray
boxes), and for opa, the membrane-spanning regions (light gray boxes). The red lines within pil
and opa indicate the locations of the predicted promoter motifs.
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The array of parsimony-informative sites within the opa and pil genes were then used to
differentiate between synonymous and nonsynonymous polymorphisms. Determining the
number of sequences that carry a synonymous or nonsynonymous polymorphism allows for the
dN and dS variables for that sequence alignment to be calculated, thereby permitting the estimator
of selection pressure, the dN/dS ratio, to be ascertained. As nonsynonymous polymorphisms result
in a change to the resulting amino acid sequence, these polymorphisms are assumed to occur
under selective conditions. Consequently, a dN/dS ratio greater than one is an indicator of positive
selection. Examination of dN and dS in the opa and pil alignments revealed that there was a
greater number of nonsynonymous than synonymous changes present in interspecies
polymorphisms of pil and opa (~1.27 for pil and ~1.79 for opa; Table 14). Therefore, positive
selection appears to have influenced the divergence of these genes.
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Table 14. Intra- and interspecies analysis of polymorphisms present within the pil and opa genes
of Mc and Gc.
Type of alignment analyzed
Gene
dN
dS
dN/dS
(interspecies or interstrain)
pil
Interspecies
0.0748
0.0589
1.2708
n = 219
N. meningitidis
Interstrain
0.1044
0.0984
1.0613
n = 71
N. gonorrhoeae
Interstrain
0.1037
0.0229
4.5236
n = 148
opa
Interspecies
0.2602
0.1452
1.7916
n = 86
N. meningitidis
Interstrain
0.1300
0.1092
1.1896
n = 17
N. gonorrhoeae
Interstrain
0.3842
0.5355
0.7174
n = 69

4.2.3 Differential biases in synonymous and nonsynonymous polymorphism locations
A sliding window approach was used to graphically depict the quantity of synonymous
and nonsynonymous polymorphisms within the analyzed genes. The majority of polymorphisms
(either synonymous or nonsynonymous) lie within the variable regions of opa (Figs. 16A and
16B). However, compared to opa, relatively few polymorphisms are present within pil (as
indicated by the height of the peaks in Figs. 16C and 16D), yet when present, they also occur
within the variable mini-cassettes. Examination of interstrain polymorphisms revealed that while
the amount and location of synonymous polymorphisms differ amongst species (as indicated by
the strain-specific lines in Figs. 17A, 17C, 18A, and 18C), the extent and position of
nonsynonymous polymorphisms within opa (Figs. 17B and 17D) and pil (Figs. 18B and 18D) are
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fairly homologous (as seen by the similar location and intensity of polymorphisms of strainspecific lines).
Further analysis of interstrain polymorphisms revealed that the nonsynonymous
polymorphisms detected within MC opa genes occurred almost exclusively within the three
variable regions of the gene, with the majority occurring within HV1 and HV2 (Fig. 17B). In
contrast, Gc opa genes lacked any detected sequence polymorphisms at the 5′ end of the
alignment, even within the semivariable region (due to this Figs. 17C and 17D begin downstream
of the semivariable region at nucleotide 300 in the alignment which allows greater expansion of
the sliding window on the x-axis). Despite this, the nonsynonymous polymorphisms present
within each Gc strain followed a similar pattern, with the majority of polymorphisms occurring
within the two hypervariable domains. However, some nonsynonymous polymorphisms were
observed within the membrane spanning region between the two HV regions. Overall, this
analysis demonstrates almost exclusive selection for protein-altering substitutions occurring
within the exposed hypervariable domains in both Mc and Gc, implying selection pressures
within these regions (as evidenced in the dN/dS ratio of ~1.79, Table 14).
Within pil genes, both Gc and Mc contain higher levels of synonymous substitutions near
the 5′ end of the variable regions (within mc5; Figs. 18A and 18C) and display slightly elevated
levels of nonsynonymous substitutions throughout the variable regions (Figs. 18B and 18D).
Therefore, the majority of base pair substitutions detected within the polymorphism analysis
(Figure 15B) are synonymous within the 5′ end of pil. The comparative absence of
nonsynonymous substitutions within the pil variable regions may be due to the high degree of
heterogeneity which may cause non-continuous alignments for analysis. Nonetheless, the number
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of detected nonsynonymous polymorphisms within pil is still sufficient to skew the dN/dS ratio in
favor of positive selection as the calculated dN/dS ratio is ~1.27 (Table 14).
4.2.4 Analysis of linkage equilibrium within the variable genes of Neisseria spp.
Evidence exists for horizontal gene transfer occurring within opa (Hobbs et al., 1994) and
intragenic recombination with pil (Andrews and Gojobori, 2004; Davies et al., 2014).
Consequently, the standard measure of linkage equilibrium, D′, can be estimated. Alleles are said
to be under linkage equilibrium if D′ is less than the 0.05 proportion that would be expected
under pure randomness. Estimation of D′ for opa and pil using the two-tailed Fisher exact test
revealed that frequent recombination does not account for the detected polymorphisms occurring
among species, as both interspecies and interstrain analysis show evidence for linkage
disequilibrium (Table 15).
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Figure 16. Location of synonymous and nonsynonymous polymorphisms
Nucleotide alignments of opa (Gc = 69 and Mc = 17) and pil (Gc = 148 and Mc = 71) were
analyzed for the presence of synonymous (opa, panel a and pil , panel c) and nonsynonymous
polymorphisms (opa , panel b and pil, panel d). The graph demonstrates the diversity values (Pi
or Theta) present amongst sequences based on the location in the nucleotide alignment. The
nucleotide diversity occurring between Gc and Mc (thick black line), within Gc (dark grey line),
within Mc (black line), and within each species of Gc (short dashed grey line) and Mc (long
dashed grey line) are shown. The lines along the top indicate the conserved regions (black line),
the variable regions (dark gray boxes), promoter motifs (red line) and the opa membranespanning regions (light gray boxes). A larger number of both synonymous and nonsynonymous
polymorphisms can be seen within the variable regions of opa within Gc and Mc. Compared to
opa, relatively few polymorphisms are present within pil, however, the polymorphisms present
occur within the variable mini-cassettes.
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Figure 17. Location of interstrain synonymous and nonsynonymous polymorphisms within
nucleotide alignments of opa.
Nucleotide alignments of opa from Gc (n = 69) and Mc (n = 17) were analyzed for synonymous
(Mc, panel a, Gc, panel c) and nonsynonymous (Mc, panel b, Gc, panel d) polymorphisms. The
graph demonstrates the diversity values (Theta) present amongst sequences based on the location
in the nucleotide alignment. The nucleotide diversity occurring between species is demonstrated
below the figures. The lines along the top indicate the conserved regions (black line), the
variable regions (dark gray boxes), and the membrane-spanning regions (light gray boxes).
While the synonymous polymorphisms occurring within opa appear to be dependent on the
strain of Gc or Mc, nonsynonymous polymorphisms occur within the same regions of the
nucleotide alignment, regardless of species, and are almost exclusive to the variable regions of
opa.
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Figure 18. Location of interstrain synonymous and nonsynonymous polymorphisms within
nucleotide alignments of pil.
Nucleotide alignments of pil from Gc (n = 148) and Mc (n = 71) were analyzed for synonymous
(Mc, panel a, Gc , panel c) and nonsynonymous polymorphisms (Mc, panel b, Gc, panel d). The
graph demonstrates the diversity values (Theta) present amongst sequences based on the location
in the nucleotide alignment. The nucleotide diversity occurring between species is demonstrated
below the figures. The lines along the top indicate the conserved regions (black line), and the
variable regions (dark gray boxes). The pil genes of Mc display slightly different synonymous
polymorphisms near the 5′ end of the nucleotide alignment, however, the majority of pil genes
within Gc and Mc possess similar locations containing synonymous and nonsynonymous
polymorphisms.
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Table 15. Linkage disequilibrium detected within the interspecies alignment of pil and opa
genes.
Statistically
Type of
Possible
significant
alignment
Region
D′
Gene
pairwise
pairwise
analyzed
analyzed
comparisons comparisons
(intra- or
(P < 0.05)
interspecies)
pil
Entire
Interspecies
1378
238
0.17
(n = 219)
alignment
No pairwise
Interspecies
mc1
comparisons
Interspecies
mc2
10
2
0.20

N. meningitidis
n = 71
N.
gonorrhoeae
n = 148
opa
(n = 86)

mc3

10

7

0.70

Interspecies

mc4

28

12

0.43

Interspecies

mc5

120

40

0.33

Interspecies

mc6

No pairwise
comparisons

Interspecies

Entire
1225
alignment

158

0.13

Entire
1326
alignment

252

0.19

Interstrain
Interstrain

Entire
2485
521
alignment
No pairwise
SV
comparisons

0.21

Interspecies
Interspecies

HV1

45

10

0.22

Interspecies

HV2

190

81

0.43

Interspecies

N. meningitidis Entire
Interstrain
8385
1159
0.14
n = 17
alignment
N.
Interstrain
Entire
gonorrhoeae
2556
503
0.20
alignment
n = 69
The alignments of the entire length of pil (mc6-mc1) and opa as well as the individual pil
minicassettes (mc1-6) and opa variable regions (SV and HV1-2) were analyzed for evidence of
linkage disequilibrium. The number of possible pairwise comparisons and the number of
statistically significant pairwise comparisons as determined by the two-tailed Fisher exact test
were used to determine D′.
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The presence of constant regions within the gene sequences may have skewed the above
analysis. Consequently, the variable regions were analyzed separately to determine if
polymorphisms encountered within exposed regions are attributable to recombination. However,
such independent analysis of the variable regions did not differ from the previous inference as
opa SV, HV1-2, and pil mc1-6 were found to be under linkage disequilibrium among and within
species (data not shown). However, significant D′ values were detected between the majority of
intrastrain opa (~88% of strains analyzed) and pil (~97% of strains analyzed) genes analyzed.
This indicates that the majority of Gc and Mc strains contain opa and pil genes that are in linkage
equilibrium (Tables 16 and 17).
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Table 16. Evidence of linkage equilibrium within the opa genes of N. gonorrhoeae and N.
meningitidis species.
Statistically
Possible
Polymorphic Significant
Species
Strain
Pairwise
D′
Sites
Pairwise
Comparisons
Comparisons
N. meningitidis
053442
7021
119
0
0
(n = 4)
510612
6786
117
0
0
(n = 3)
alpha14
2346
69
0
0
(n = 3)
Z2491
1711
59
0
0
(n = 2)
N. gonorrhoeae
8013
3240
81
0
0
(n = 4)
DGI18
8385
130
0
0
(n = 2)
e03.04
5778
108
0
0
(n = 4)
F62
6786
117
0
0
(n = 6)
FA1090
9730
140
555
0.06
(n = 11)
FA19
10153
143
282
0.03
(n = 8)
FA6140
10731
147
0
0
(n = 3)
m07.05
8911
134
0
0
(n = 3)
MS11
8385
130
493
0.06
(n = 11)
n01.08
8778
133
0
0
(n = 6)
Continued on following page.
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Table 16 (continued). Evidence of linkage equilibrium within the opa genes of N. gonorrhoeae
and N. meningitidis species
Statistically
Possible
Polymorphic Significant
Species
Strain
Pairwise
D′
Sites
Pairwise
Comparisons
Comparisons
NG05
13041
162
0
0
(n = 6)
PID332
9591
139
0
0
(n = 3)
SK-93-1035
(n = 2)
.

1953

63

0

0
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Table 17. Evidence of linkage equilibrium within the pil genes of N. gonorrhoeae and N.
meningitidis species.
Statistically
Possible
Polymorphic Significant
Species
Strain
Pairwise
D′
Sites
Pairwise
Comparisons
Comparisons
N. meningitidis
053442
2850
76
0
0
(n = 5)
3502
2926
77
0
0
(n = 6)
510612
1081
47
0
0
(n = 2)
alpha14
4851
99
0
0
(n = 4)
alpha710
2701
74
78
0.03
(n = 7)
H44/76
3828
88
121
0.03
(n = 7)
LNP21362
3486
84
0
0
(n = 5)
M01-240149
1540
56
0
0
(n = 2)
M01-240355
666
37
0
0
(n = 2)
MC58
4656
97
177
0.04
(n = 8)
NZ-05/33
1711
59
187
0.11
(n = 11)
Z2491
3081
79
147
0.05
(n = 7)
N. gonorrhoeae
8013
(n = 4)
DGI2
(n = 9)
DGI18
(n = 5)
e03.04
(n = 6)

Continued on following page.

1326

52

0

0

3916

89

100

0.03

2278

68

0

0

4560

96

0

0
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Table 17 (continued). Evidence of linkage equilibrium within the pil genes of N. gonorrhoeae
and N. meningitidis species.
Species

Strain

Possible
Pairwise
Comparisons

Polymorphic
Sites

Statistically
Significant
Pairwise
Comparisons

D′

3655

86

55

0.02

3003

78

103

0.03

2628

73

144

0.05

2850

76

0

0

2850

76

0

0

3741

87

59

0.02

2415

70

30

0.01

3828

88

0

0

3570

85

76

0.02

2278

68

35

0.02

990

45

0

0

1540

56

0

0

3655

86

33

0.01

1378

53

0

0

N. gonorrhoeae
F62
(n = 11)
FA1090
(n = 19)
FA19
(n = 21)
i19.05
(n = 6)
m07.05
(n = 6)
MS11
(n = 11)
n01.08
(n = 8)
NCCP11945
(n = 5)
NG05
(n = 10)
PID1
(n = 9)
PID18
(n = 2)
PID24-1
(n = 4)
PID332
(n = 7)
SK-93-1035
(n = 2)
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In order to detect any interspecies, as well as inter- and intrastrain horizontal gene
transfer events between these variable genes, the Sawyer test was applied using Geneconv (Hartl
and Sawyer, 1991; Sawyer, 1989). This analysis revealed evidence for recombination between
the variable regions of both pil and opa (Fig. 19), with the majority of these recombination
events occurring between strains of Neisseria (interspecies = ~8%, interstrain = ~83%, and
intrastrain = ~9%). Despite the fact that opa contained more inter- and intrastrain recombination
events (~81% of all interstrain and ~76% of all intrastrain recombination events), pil presented
more detectable interspecies recombination events (~89% of all interspecies recombination
events that were detected). Furthermore, while the majority of these events were due to
recombination of variable regions (~97% in opa and 100% in pil), a small portion of allelic
exchanges were detected within opa (~3%). Therefore, these data indicate that pil is exchanged
more often between species while opa transfer is more prevalent between and within strains.
However, due to the fact that all interspecies and interstrain opa and pil genes are in linkage
disequilibrium (Table 15), the majority of these detected recombination events (~91%) do not
account for the polymorphisms detected in this analysis.
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Figure 19. Linkage map of detected pil and opa recombination events.
Geneconv vs. 1.81 was used to detect statistically significant evidence (p < 0.05) for gene
conversion events between the pil and opa genes of Gc and Mc (Sawyer, 1989). Statistically
significant gene conversion fragments were further parsed to remove any implied recombination
events that took occurred entirely within constant regions of the genes. Chromosomes of Mc are
shown in grey while chromosomes of Gc are shown in black, all chromosomes are denoted by
the strains of Mc or Gc they represent. Any scaffold chromosomes (assembled as contigs) are
shown as thin grey lines inset to the chromosomes they represent. opa are shown as either dark
grey (sense) or light grey (antisense) bars relative to their locations on the chromosome. pil are
shown inset to opa as either dark grey (sense) or light grey (antisense) bars relative to their
locations on the chromosome. Statistically significant gene conversion events are displayed as
lines connecting either opa (grey) or pil (black) genes.
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4.2.5 Confirmation of selection pressures within the variable genes of Neisseria
Various tests were employed to determine if aligned sequences fell under the neutral
mutation hypothesis. Tajima’s test was used to determine both inter- and intrastrain selection
pressures. Analysis of entire alignments did not reveal significant evidence for selection, save for
purifying selection within the opa genes of Gc strain e03.04 (data not shown). However, sliding
window analysis revealed statistically significant (p < 0.05) positive selection within the
interstrain analysis of Gc pil (71% within minicassettes), while purifying selection was detected
within the interstrain analysis of Mc pil (100% within constant regions) (Fig. 20E and Table 18).
All other statistically significant DT values (p < 0.05) denoted purifying selection of intrastrain
opa (Mc = 1, Gc = 4) and pil (Mc = 5, Gc = 4). Of the sites predicted to be under the influence of
purifying selection, less than half (opa = 18%, pil = 33%) lie within the predefined constant
regions indicating a functional role for these sites (Table 18). In fact, the previously identified
pil-derived small RNAs (sRNAs) arising from experimentally verified non-canonical promoter
elements in Gc strain MS11 pilS6 and pilE loci along with the two non-canonical promoter
motifs upstream of other pil-derived sRNAs and the single promoter motif upstream of opaderived sRNAs (Fig. 9) may be placed under purifying selection pressures in order to conserve
these promoter elements (Masters et al., 2016; Wachter and Hill, 2015; Wachter et al., 2015).
Examination among the pil and opa genes of pathogenic Neisseria revealed strong conservation
of these promoter motifs (Fig. 20B and D) as homologs were identified within every pil (n =
219) and most opa (n = 84) genes examined. However, investigation into selection pressures
utilizing non-coding nucleotide substitution analysis revealed heterogeneity (α = 0.12 for pil and
α = 0.39 for opa) among the entire alignment utilizing the general-time-reversible model (REV)
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as the best-fit model to our dataset (as calculated by the 2δ of the log likelihoods; data not
shown). Therefore, the relative heterogeneity of pil and opa within the locations harboring the
motifs was analyzed independently. While motif 1 of pil lies within a variable minicassette (mc5;
shown by a red bar in Fig. 21A), motif 2 is contained within a conserved region of the gene and,
therefore, putative promoters within this region were found to be highly conserved (~97%;
indicated by a red bar between mc3 and mc2 in Fig. 21A). Furthermore, although codon
substitution models were utilized, about 16% of variable sites determined to be under purifying
selection contain promoter motif 1, and all 219 pil genes contain a perfectly conserved noncanonical promoter sequence (5′-AATATGT-3′). This indicates that the promoter encoding
region of the variable minicassette (mc5) is most likely placed under purifying selection at the
nucleotide level in order to maintain this promoter element (Masters et al., 2016). Within opa,
motif 1 lies within the HV1 (as shown by a red bar in Fig. 20C), and while the relative
conservation of this sequence is lower than the two promoter motifs identified within pil, it is
still well maintained within the majority of opa genes analyzed (the 5′- AATATT -3′ region is
completely conserved within ~86% of opa genes, while slightly homologous motifs are present
in 84 opa genes; the conservation of this region is shown as a sequence logo in Fig. 20D).
Therefore, while it is located within a hypervariable region of the gene, the putative noncanonical opa promoter appears to be placed under purifying pressures in order to maintain this
region among different strains and species of pathogenic Neisseria.
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Table 18. Portions of Mc and Gc opa and pil genes determined to be under the influence of
selection with Tajima’s test.
Gene

Inter- or
Intrastrain
analysis

Species/strain

Selection

Number of
detected
sites

% of detected
selection within
constant regions

Purifying

16

13

Purifying

1

100

Purifying

1

100

Purifying

4

100

Purifying

27

4

Purifying

1

100

Purifying

6

33

Purifying

8

13

Purifying

2

0

Purifying

2

0

Purifying

1

100

Positive

7

29

Purifying

3

100

Purifying

5

20

Positive

1

100

Purifying

5

40

opa
Intrastrain
Intrastrain
Intrastrain
Intrastrain
Intrastrain

Mc 053442
n=4
Gc FA1090
n = 11
Gc FA19
n=8
Gc MS11
n = 11
Gc e03.04
n=4

pil
Interstrain
Intrastrain
Intrastrain
Intrastrain
Intrastrain
Intrastrain
Interstrain
Intrastrain
Intrastrain
Intrastrain
Intrastrain

Mc
n = 71
Mc 053442
n=5
Mc 8013
n=4
Mc alpha14
n=4
Mc LNP21362
n=5
Mc NZ-05/33
n = 11
Gc
n = 144
Gc DGI18
n=5
Gc NCCP11945
n=5
NG05
n = 10
Gc PID24-1
n=4

Statistically significant DT statistics (p < 0.05) were used to determine sites under selection,
where a positive value of DT indicated that the region was under positive selection, and a
negative DT value signified purifying selection. The genes analyzed are indicated as belonging to
either opa or pil, and analysis performed either within species or strains is also denoted. Strains
showing evidence for selection are shown along with the number of opa or pil genes analyzed.
The number of midpoint regions and the percentage of those midpoints that lie within predefined constant regions are given.
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The PRFMLE program was used to analyze full-length alignments and estimate the per
locus mutation rate parameter (μ) and scaled selection pressure (γ). All gene alignments were
tested for evidence of interspecies, interstrain (Table 19), and intrastrain (Table 20) selection
pressures along with those that may be dependent on geographical location. By assuming a
Poisson distribution, PRFMLE detected evidence of positive selection in all interspecies and
interstrain analysis of pil and opa (Table 19). Interestingly, opa and pil intrastrain analysis
revealed positive selection within the majority of Gc strains (positive selection indicated within
~68% of pil and ~44% of opa), with less prevalence exhibited within individual strains of Mc
(positive selection indicated within ~33% of pil and 0% of opa) (Table 20).

Table 19. PRFMLE analysis of selection pressures detected from interspecies and interstrain
analysis of pil and opa genes of N. meningitidis and N. gonorrhoeae.
Interpecies or γ (95%
Significance
Gene
Species
interstrain
confidence
Outcome
(p value)
analysis
interval)
Interspecies
pil
Indicates
3.44 + 3.11
3.78 x 10-5
n = 219
selection
N. meningitidis Interstrain
Indicates
2.47 + 2.84
6.12 x 10-3
n = 71
selection
Interstrain
N. gonorrhoeae
Indicates
3.22 + 3.52
7.73 x 10-4
n = 148
selection
Interspecies
opa
Indicates
3.44 + 3.11
3.78 x 10-5
n = 86
selection
N. meningitidis Interstrain
Indicates
2.68 + 2.64
8.67 x 10-4
n = 17
selection
Interstrain
N. gonorrhoeae
Indicates
3.42 + 3.36
1.40 x 10-4
n = 69
selection
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Table 20. PRFMLE analysis of variable genes within individual strains of Mc and Gc.
γ (95%
Significance Outcome
Gene
Intrastrain
confidence
(p-value)
interval)
pil
n = 219

3.44 + 3.11

3.78 x 10-5

N. meningitidis 8013
n=4

2.77+ 8.30

2.71 x 10

N. meningitidis 053442
n=5

2.77+ 6.65

1.62 x 10-1

N. meningitidis 510612
n=2

All
polymorphisms
are singletons

N. meningitidis alpha14
n=4

2.77+ 7.22

2.05 x 10-1

N. meningitidis alpha710
n=7

2.72+ 4.49

4.73 x 10-2

N. meningitidis H44/76
n=7

2.75+ 4.82

5.65 x 10

-2

N. meningitidis LNP21362
n=5

2.77+ 7.11

1.90 x 10-1

N. meningitidis M0120149
n=2
N. meningitidis M0124355
n=2

-1

All
polymorphisms
are singletons
All
polymorphisms
are singletons

Indicates
selection
Does not
indicate
selection
Does not
indicate
selection
Does not
indicate
selection
Does not
indicate
selection
Indicates
selection
Does not
indicate
selection
Does not
indicate
selection
Does not
indicate
selection
Does not
indicate
selection

N. meningitidis MC58
n=8

2.79+ 3.76

1.45 x 10-2

Indicates
selection

N. meningitidis NZ-05/33
n = 11

2.94+ 4.29

1.90 x 10-2

Indicates
selection

N. meningitidis Z2491
n=7

2.73+ 3.65

1.57 x 10-2

Indicates
selection

Continued on following page.
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Table 20 (continued) PRFMLE analysis of variable genes within individual strains of Mc and
Gc
γ (95%
Significance Outcome
Gene
Intrastrain
confidence
(p-value)
interval)
N. gonorrhoeae
pil
Indicates
3502
2.76 + 4.54
4.64 x 10-2
n = 219
selection
n=6
N. gonorrhoeae
Indicates
DG12
2.78 + 3.11
3.77 x 10-3
selection
n=9
N. gonorrhoeae
Does not
-1
DG18
2.77 + 6.37
1.48 x 10
indicate
n=5
selection
N. gonorrhoeae
Indicates
e0304
2.72 + 4.30
3.91 x 10-2
selection
n=6
N. gonorrhoeae
Indicates
F62
2.63 + 2.79
2.71 x 10-3
selection
n = 11
N. gonorrhoeae
Indicates
FA19
2.82 + 2.80
8.67 x 10-4
selection
n = 21
N. gonorrhoeae
Indicates
FA1090
2.71 + 2.66
2.04 x 10-3
selection
n = 19
N. gonorrhoeae
Does not
i1905
2.71 + 4.68
5.86 x 10-2
indicate
n=6
selection
N. gonorrhoeae
Indicates
m07.05
2.70 + 3.86
2.41 x 10-2
selection
n=6
N. gonorrhoeae
Indicates
MS11
2.83 + 3.08
2.54 x 10-3
selection
n = 11
N. gonorrhoeae
Indicates
n01.08
2.72 + 3.93
2.51 x 10-2
selection
n=8
N. gonorrhoeae
Does not
NCCP11945
2.77 + 4.80
5.84 x 10-2
indicate
n=5
selection
Continued on following page.
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Table 20 (continued). PRFMLE analysis of variable genes within individual strains of Mc and
Gc.
γ (95%
Significance Outcome
Gene
Intrastrain
confidence
(p-value)
interval)
N. gonorrhoeae
pil
Indicates
NG05
2.64 + 2.88
3.59 x 10-3
n = 219
selection
n = 10
N. gonorrhoeae
Indicates
PID1
2.64 + 3.28
1.05 x 10-2
selection
n=9
N. gonorrhoeae
All
Does not
PID18
polymorphisms
indicate
n=2
are singleton
selection
N. gonorrhoeae
Does not
PID241
2.77 + 8.30
2.71 x 10-1
indicate
n=4
selection
N. gonorrhoeae
Indicates
PID332
2.78 + 4.14
2.67 x 10-2
selection
n=7
N. gonorrhoeae
All
Does not
SK-93-1035
polymorphisms
indicate
n=2
are singletons
selection
N. gonorrhoeae
Indicates
3502
2.76 + 4.54
4.64 x 10-2
selection
n=6
opa
n = 86

3.44 + 3.11

3.78 x 10-5

N. meningitidis 8013
n=4

2.77 + 5.27

8.67 x 10-2

N. meningitidis 053442
n=4

2.77 + 18.73

5.58 x 10-1

N. meningitidis 516012
n=3
N. meningitidis alpha14
n=3
Continued on following page.

All
polymorphisms
are singletons
All
polymorphisms
are singletons

Indicates
selection
Does not
indicate
selection
Does not
indicate
selection
Does not
indicate
selection
Does not
indicate
selection

185

Table 20 (continued). PRFMLE analysis of variable genes within individual strains of Mc and
Gc.
γ (95%
Significance Outcome
Gene
Intrastrain
confidence
(p-value)
interval)
All
Does not
opa
N. meningitidis Z2491
polymorphisms
indicate
n = 86
n=2
are singletons
selection
N. gonorrhoeae
All
Does not
DGI18
polymorphisms
indicate
n=2
are singletons
selection
N. gonorrhoeae
Does not
-1
e0304
2.77 + 5.55
1.00 x 10
indicate
n=4
selection
N. gonorrhoeae
Indicates
F62
2.71 + 3.53
1.29 x 10-2
selection
n=6
N. gonorrhoeae
Indicates
FA19
2.87 + 3.75
9.07 x 10-3
selection
n=8
N. gonorrhoeae
Indicates
FA1090
2.86 + 2.48
1.30 x 10-4
selection
n = 11
N. gonorrhoeae
All
Does not
FA6140
polymorphisms
indicate
n=3
are singletons
selection
N. gonorrhoeae
All
Does not
m07.05
polymorphisms
indicate
n=3
are singletons
selection
N. gonorrhoeae
Indicates
MS11
2.81 + 3.42
5.35 x 10-3
selection
n = 11
N. gonorrhoeae
Indicates
n01.08
2.72 + 3.93
2.51 x 10-2
selection
n=8
N. gonorrhoeae
Does not
-2
NCCP11945
2.77 + 4.80
5.84 x 10
indicate
n=5
selection
N. gonorrhoeae
Indicates
NG05
2.64 + 2.88
3.59 x 10-3
selection
n = 10
Conintued on following page.

186

Table 20 (continued). PRFMLE analysis of variable genes within individual strains of Mc and
Gc.
γ (95%
Significance Outcome
Gene
Intrastrain
confidence
(p-value)
interval)
N. gonorrhoeae
opa
Indicates
PID1
2.64 + 3.28
1.05 x 10-2
n = 86
selection
n=9
N. gonorrhoeae
All
Does not
PID18
polymorphisms
indicate
n=2
are singletons
selection
N. gonorrhoeae
Does not
-1
PID241
2.77 + 8.30
2.71 x 10
indicate
n=4
selection
N. gonorrhoeae
Does not
PID332
2.78 + 4.14
2.67 x 10-2
indicate
n=7
selection
N. gonorrhoeae
All
Does not
SK-93-1035
polymorphisms
indicate
n=2
are singletons
selection
Genes are shown along with the strain of Mc or Gc and the number of sequences that were
analyzed. The value of γ and the p value for that estimate are also shown.
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Investigation into selection pressures using PAML corroborated the PRFMLE data. Two
selection models were performed on interspecies alignments of pil and opa in order to perform a
likelihood ratio test (2∆ℓ) and compare the null model (dN/dS < 1) with an alternative model
(dN/dS > 1). The resulting likelihood values (ℓ) were used to calculate the log likelihood ratio. As
the resulting p-values of each alignment were less than 0.00001, the null model (dN/dS < 1),
which states that polymorphisms arise under neutral conditions, was rejected and the alternative
model was presumed to provide a better fit to the observed data. Genes were determined to be
under positive selection by the dN/dS ratio of the alignments as established under the alternative
model (Table 21). The use of the Bayes Empirical Bayes method was then applied to ascertain
the location of positively selected sites in the alignment. This analysis identified the interspecies
alignment of pil, along with the interstrain alignments of pil and opa as being under positive
selection. While the full-length interspecies alignment of opa did not have a dN/dS ratio greater
than one, investigation into the site classes revealed that a portion of sites showed evidence for
positive selection (~17% had a dN/dS ratio equal to 4.06). The variable minicassettes contained
the majority (~97%) of positively selected amino acids within pil. In opa, the hypervariable
domains contained the majority of positively selected amino acids (~75% in hypervariable and
~12% in semivariable) (Figure 20C) (Bhat et al., 1991).
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Table 21. Likelihood ratio test (LRT) of the selection pressures present in the pil and opa
alignments under the null model (M7) or the alternative model (M8) as implemented in PAML.
Species
Alternative model
Gene
Null model (M7)
2∆ℓ
(M8)
ℓ
pil
n = 219
N.
meningitidis
n = 71
N.
gonorrhoeae
n = 148
opa
n = 86

dN/dS

ℓ

dN/dS

-21023.00

0.57

-20027.94

2.58

1,990.12

-7558.24

0.64

-7256.25

2.23

603.98

-5070.38

0.40

-4732.79

3.09

675.18

-14583.21

0.40

-14174.39

0.94

817.64

N.
meningitidis -3119.45
0.23
-3015.58
1.40
207.74
n = 17
N.
gonorrhoeae -4316.29
0.40
-4225.30
1.03
181.98
n = 69
2
A likelihood ratio greater than 𝜒1%
= 9.21 with d.f. = 2 shows statistically significant evidence for
the existence of positively selected sites in these genes (Yang et al. 2000).

The fact that the majority of positively selected sites are harbored within the
hypervariable regions of opa (Figure 20C) conflicts with previous beliefs that the CEACAM
binding domains located within HV1 and HV2 exist in specific combinations that are maintained
to conserve receptor binding (Bilek et al., 2009; Callaghan et al., 2008). Therefore, further
investigation into the hypervariable regions of Opa was performed to determine if
nonsynonymous polymorphisms are biased and show preference for specific types of amino
acids (ie. charged, polar, hydrophobic) within the HV1 and HV2 domains. Comparison of the
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amino acids encoded within the entire Opa alignment with those found within the hypervariable
domains can provide insight into any patterns that may be present within these regions. Analysis
revealed that the hypervariable domains exhibited variable types of amino acids, with the
majority of nonsynonymous sites located within the positively selected regions (Figure 20E and
F). Not surprisingly, hydrophobic amino acids are less prevalent within both hypervariable
regions (~22% within the entire protein, ~14% within HV1, and ~16% within HV2) as these
regions are exposed to the external environment. However, the positively selected regions within
HV2 contain a relatively high amount of these amino acids (~23% hydrophobic aa). Conversely,
positively selected regions within HV1 do not display the same propensity for hydrophobic
amino acids (~7%), and instead contain a higher percentage of negatively (~10% in HV1 and
~6% in Opa) and positively (~18% in HV1 and ~12% in Opa) charged amino acids compared to
the entire Opa protein. Finally, in both the HV1 and HV2 positively selected regions, the
quantity of uncharged polar amino acids (~27% in HV1 and ~28% in HV2) are higher than those
found in the entire protein (~15%). Therefore, positive selection within both HV1 and HV2
differs, as amino acids within these regions are distinct from the entire protein and are
additionally varied from the HV regions that were not determined to be under the influence of
positive selection.
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FIGURE 20. Location of detected selection pressures within opa and pil gene alignments and
within the hypervariable regions of Opa alignments.
Alignments of pil (a) and opa (c) from Gc (opa, n = 69; pil, n = 148) and Mc (opa, n = 17; pil, n
= 71) were analyzed for selection pressures using the Bayes Empirical Bayes analysis
implemented under the alternative model of PAML and Tajima’s test. The figure demonstrates
the statistically relevant locations exhibiting either positive or negative selection pressures
detected under each test for interspecies (diamonds) and interstrain alignments of Gc (red circles)
and Mc (blue squares). The lines along the bottom indicate the conserved regions (black line),
and the variable regions (gray boxes), and the membrane spanning regions (dark red line) for opa
along with the putative promoter motifs (bright red lines). The majority of positively selected
sites within pil and opa occur within the variable regions. The promoter motifs for pil (b) and
opa (d) are shown below their respective alignments. Continued on the following page.
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FIGURE 20 (continued). Location of detected selection pressures within opa and pil gene
alignments and within the hypervariable regions of Opa alignments.
The percentage of amino acids present within the HV1 (e) and HV2 (f) variable regions of the
Opacity proteins. The positively selected regions within HV1 and HV2 are shown as diamonds
above their respective amino acid positions. As can be seen, nonsynonymous polymorphisms are
highly prevalent within these positively selected regions as the amino acids present within these
regions are highly varied.
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4.2.6 Structural prediction of selected sites
In order to visualize the location of sites predicted to be under the influence of selection,
multiple sequence alignments were used to construct 3D protein assemblies via experimentally
determined structures available through PDB. This provided further insights into the location of
amino acids predicted to be under the influence of positive selection and into the forces acting on
these virulence genes among species and strains. The majority of positively selected sites within
Opa (Fig.21) were located within the variable regions SV, HV1, and HV2 (Bhat et al., 1991; Fox
et al., 2014; van der Ley, 1988; Malorny et al., 1998). Corresponding to previous data (Malorny
et al., 1998), the more constant membrane spanning and periplasmic regions contained several
positively selected sites. All sites determined to be under positive selection within PilE proteins
(Fig. 22) lay within the pre-determined variable regions (Hagblom et al., 1985).
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Figure 21. Location of positively selected amino acids in Opa.
The three dimensional structure of Opa was obtained from PDB ID 2MAF (Fox et al., 2014).
The Consurf Server was used to align the amino acid multiple sequence alignment of the Opa
proteins used in this study to the sequence of the 2MAF Opa60 structure (Ashkenazy et al., 2010;
Celniker et al., 2013; Glaser et al., 2003; Landau et al., 2005). Polymorphisms present in the Opa
proteins from this study were depicted with UCSF Chimera, where blue sites indicate the highest
degree of variability and majenta sites indicate the most conserved regions (Pettersen et al.,
2004). The ribbons denoting the SV, HV1, and HV2 regions are shown larger than the other
areas of the protein. The positively selected sites determined from the Bayes Empirical Bayes
theorem implemented through PAML are shown as grey spheres (Yang, 2002). This analysis
shows that the three variable regions of the protein show strong evidence for being under
positive selection, with the conserved regions showing relatively no evidence of sequence
diversity or selection.
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Figure 22. Location of positively selected amino acids in Pil.
The three dimensional structure of Pil was obtained from PDB ID 2HIL (Craig et al., 2006). The
Consurf Server was used to align the amino acid multiple sequence alignment of the Pil proteins
used in this study to the sequence of the 2HIL structure (Ashkenazy et al., 2010; Celniker et al.,
2013; Glaser et al., 2003; Landau et al., 2005). Polymorphisms present in the Pil proteins from
this study were depicted with UCSF Chimera, where blue sites indicate the highest degree of
variability and majenta sites indicate the most conserved regions (Pettersen et al., 2004). The
ribbons denoting the variable minicassettes are shown larger than the other areas of the protein.
The positively selected sites determined from the Bayes Empirical Bayes theorem implemented
through PAML are shown as grey spheres (Yang, 2002). This analysis shows that the variable
regions of the protein show strong evidence for being under positive selection, with the
conserved regions showing relatively no evidence of sequence diversity or selection.
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4.3 Discussion
Due to the presence of multiple small RNAs arising from the antigen-encoding genes opa
and pil it is hypothesized that some selective pressure must be placed on these encoding regions
in order to maintain the sRNA promoter(s). In fact, the maintenance of multiple, variable gene
copies of pil and opa that encode single antigenic determinants, PilE and Opa, is believed to
facilitate immune evasion within pathogenic Neisseria. The evolution and maintenance of these
variable genes has been attributed to inter- or intragenic transfer of alleles (Bilek et al., 2009;
Rich et al., 2001; Wang et al., 1999), mutation (Andrews and Gojobori, 2004), or a combination
of these driven by diversifying selection (Andrews and Gojobori, 2004; Wang et al., 1999).
Previous analyses of closely related opa sequences (11 opa gene sequences from 14 N.
gonorrhoeae strains) have attributed the majority of sequence polymorphisms to intragenic
recombination among existing alleles with little evidence to support the horizontal transfer of
genes among strains, even within mixed gonococcal infections (Bilek et al., 2009). A separate
analysis utilizing the same dataset of N. gonorrhoeae opa genes, in addition to N. meningitidis
opa alleles (297 opa gene sequences from pathogenic and nonpathogenic strains of N.
meningitidis; (Callaghan et al., 2008)) determined that Mc opa genes are distinct from Gc opa
genes as they typically harbor genetically identical alleles (Watkins et al., 2014). Consequently,
this implies that host immune pressures act to suppress the number of unique combinations of
HV1 and HV2 regions in Mc Opa variants (Callaghan et al., 2008), but increase the number and
diversity of opa alleles in Gc (Watkins et al., 2014). Similarly, investigation into pil sequence
polymorphisms has been limited to only two N. meningitidis strains (1 pilE and 8 pilS sequences
from strain Z2491 and 1 pilE and 8 pilS sequences from strain MC58) and provided strong
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evidence for sequence polymorphisms arising via intragenic recombination and horizontal gene
transfer (Andrews and Gojobori, 2004). However, to date, no comprehensive analysis of
sequence polymorphisms and selection pressures within the variable opa and pil genes of
multiple species and strains of pathogenic Neisseria from distinct geographical locations, has
been determined. Therefore, this study sought to clarify the degree of genetic variability and
deduce the presence of selective pressures acting upon available opa and pil sequences.
A proposed mechanism to describe the genetic variability displayed within the opa
(Hobbs et al., 1994) and pil (Andrews and Gojobori, 2004; Davies et al., 2014) alleles implicates
horizontal gene transfer and subsequent recombination of opa and pil genes. While statistically
significant horizontal transfer events of opa and pil genes among and between species and strains
was detected (Fig. 19), only intrastrain genetic transfer could account for the polymorphisms
detected within the majority of strains determined to have significant D′ values (within ~88% of
opa-encoding strains and ~97% of pil-encoding strains) (Tables 15-17). Therefore, the
preponderance of polymorphisms is attributable to linkage equilibrium within strains.
Additionally, phylogenetic analysis revealed that divergence of these variable genes is only
dependent upon the species, as the vast majority of opa and pil genes contain polymorphisms,
insertions and deletions that are unique to either N. meningitidis or N. gonorrhoeae, and display
no predisposition towards disease severity (ring 4 in Fig. 14), serogroup (ring 4 in Fig. 14), or
geographical distribution (ring 4 in Fig. 14) (as indicated by the solid lines above the tree in Fig.
14). Consequently, this implies that, in addition to having diverged prior to geographical
distribution, these genes are not linked to other virulence determinants and only intrastrain
horizontal gene transfer events are evident in variant forms of these alleles.
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While homologous recombination appears to account for the majority of polymorphisms
detected within the variable genes of pathogenic Neisseriae, selection pressures have been
presumed to drive antigenic variation. Efforts were taken to extrapolate whether outside forces or
the intrinsic tendency for recombination and purifying selection of deleterious mutations drives
the observed polymorphisms. Initial investigation indicated a role for positive selection in both
the interspecies analysis of pil and opa and the Mc interstrain analysis of pil and opa as the dN/dS
ratios were greater than one (Table 14). However, interstrain analysis of Gc opa genes did not
show evidence for positive selection as the dN/dS ratio was less than one (Table 14). This is
rather surprising as previous analysis revealed that N. meningitidis opa alleles were less diverse
than those isolated from N. gonorrhoeae, indicating strong positive selection in the latter
(Watkins et al., 2014). However, while these conclusions were drawn from a robust sample of N.
meningitidis (297 sequences) and N. gonorrhoeae (154 sequences) opa alleles, each species was
acquired from a single geographic location (the Czech Republic (Callaghan et al., 2008) for N.
meningitidis and Sheffield, England for N. gonorrhoeae (Bilek et al., 2009)). In contrast, the
data used in this study utilized a more diverse sample of opa genes as 6 N. meningitidis and 16
N. gonorrhoeae strains from distinct geographic locations (including China, France, Germany,
and Africa for N. meningitidis and Sweden, North America, and Russia for N. gonorrhoae) were
sampled. Therefore, while phylogenetic analysis indicated that the presence of polymorphisms
was not linked to geographical isolation of strains (Fig. 14), the more diverse data set used in this
analysis may have provided a larger array of polymorphisms yielding a more robust dN statistic.
To further extrapolate sites under selective pressures, a sliding window approach was
implemented. This analysis revealed evidence for positive selection within interspecies and
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interstrain pil genes (Fig. 20B), while intrastrain analysis of opa and pil detected purifying
selection within several strains (Table 18). The absence of positively selected regions within a
single strain as compared to their presence among species and strains indicates a greater
divergence of pil genes in the latter categories (interspecies and interstrain). Such divergence is
evidenced in the greater number of nonsynonymous polymorphisms between strains and species
resulting in a significant DT statistic (p < 0.05) that indicates positive selection as the driving
force behind this divergence (Fig. 20B). The negatively selected sites detected from the
intrastrain analysis of pil may similarly be masked in the interspecies and interstrain analysis by
the high degree of sequence polymorphisms (Table 14 and Fig. 15B). While purifying selection
is presumed to occur within constant regions to conserve necessary functional and/or structural
elements for the encoded proteins, only a portion of sites under intrastrain purifying selection
within both pil and opa occurred within predefined invariable regions. Due to this, it may be
speculated that variable regions under purifying selection also encode structural elements for the
encoded proteins. Furthermore, although identified through a codon substitution model, a portion
of the variable minicassettes containing negatively selected sites within pil share sequences
homologous to experimentally verified non-canonical internal promoter elements (Masters et al.,
2016; Wachter et al., 2015). Consequently, further investigation into a small RNA transcriptome
of Gc strain MS11 for the presence of non-canonical promoter elements within these genes
revealed the presence of a single non-canonical promoter motif within opa and two noncanonical promoter motifs upstream of pil-derived sRNAs which correspond, in sequence, to
experimentally verified pilE and pilS promoters (data not shown; (Masters et al., 2016; Wachter
et al., 2015)). Analysis of the opa motif revealed relative conservation among the strains and
species examined, while the pil promoter motifs are maintained as highly conserved elements
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(100% conservation of motif 1 and ~97% conservation of motif 2) within all species and strains
of pathogenic Neisseria analyzed. Both the opa and pil promoter motifs are conserved regardless
of their location in predefined invariable (motif 1 in opa HV1 and motif 1 in pil mc5) or constant
regions (motif 2 in pil) (Figs. 20B and D). Therefore, these regions may be placed under negative
selection to maintain the internal promoters. Additionally, with regard to Opa, as CEACAM
binding by Opa is determined by the hypervariable domains (Chen et al., 1995; van Putten and
Paul, 1995; Virji et al., 1996b), and, as negative selection for CEACAM binding has been
previously determined in vivo (Sintsova et al., 2015), it is likely that these cells are maintaining a
preferred binding potential as the negatively selected sites within the variable regions of opa
occurred within the hypervariable domains as previously speculated (Meyer and Hill, 2003).
Additional investigation into selective pressures with PRFMLE identified evidence for
positive selection in all interspecies and interstrain analysis, which were confirmed in
interspecies pil and interstrain opa and pil by PAML as these analyses determined that the dN/dS
ratios were greater than one (Tables 20 and 21). While full-length interspecies analysis of opa by
PAML did not reveal evidence for positive selection, further differentiation revealed that a
portion of the interspecies opa sequence (~17%) contained a dN/dS ratio greater than one (dN/dS =
4.06). While these tests of neutrality differ on the extent of selection within the opa and pil
variable genes of Neisseria, both conclude that portions of these genes are under the influence of
positive selection. The statistically significant positively selected sites determined through a
Bayes Empirical Bayes approach were primarily located within the exposed variable domains of
Opa and PilE (Figs. 20-22). The existence of positively selected sites within the pil conserved
(detected within ~6% of sites under positive selection) and semivariable (detected within ~30%
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of sites under positive selection) regions was unanticipated, as previous analysis of PilE only
detected positive selection within the hypervariable domains (Andrews and Gojobori, 2004).
However, these sites were obtained from investigation of 18 pil sequences from two N.
meningitidis strains (N. meningitidis Z2491 and MC58), while this study analyzed 219 individual
pil genes from multiple strains of N. meningitidis and N. gonorrhoeae. Similarly, the high degree
of positively selected sites within the hypervariable domains of opa (detected within ~71% of
sites under positive selection) conflicts with previous beliefs that the CEACAM binding domains
located within HV1 and HV2 exist in specific combinations that are maintained to conserve
receptor binding (Bilek et al., 2009; Callaghan et al., 2008). Indeed, a high degree of amino acid
variability was found to exist within these positively selected hypervariable regions with
relatively little evidence for any pattern associated with the polymorphisms (Figs. 20C and D).
While both HV1 and HV2 contain fewer hydrophobic residues than those found in the entire
alignment (~14% in HV1, ~16% in HV2, and ~22% in Opa), the regions determined to be under
positive selection within HV2 contain a substantially higher proportion of hydrophobic amino
acids (~23%). However, the apparent selection for hydrophobic residues within HV2 may aid in
CEACAM binding as previous analysis of CEACAM1 identified critical roles for hydrophobic
amino acid residues in Opa interactions (Bos et al., 1999; Watt et al., 2001). The lack of
preference for hydrophobic amino acids within the selected regions of HV1 and the tendency for
this region to contain a higher amount of charged or polar amino acids (~10% negatively
charged, ~18% positively charged, ~27% uncharged polar) than what is found in the entire
protein alignment (~6% negatively charged, ~12% positively charged, ~15% uncharged polar)
does not appear to confer an advantage in CEACAM binding as evidence suggests hydrophobic
interactions are involved in receptor binding (Bos et al., 1999; Watt et al., 2001). Other host
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adhesion receptors, however, contain hydrophilic interfaces with a significant number of charged
residues involved in receptor binding (such as CD2 and CD58), therefore if the selected regions
in HV1 are involved in receptor binding they may confer differential receptor specificity (Watt et
al., 2001). Consequently, this analysis was able to further extrapolate selected sites between
available Opa and Pil encoding genes among a multitude of N. meningitidis and N. gonorrhoeae
species and strains.
Therefore, analysis of variable alleles within pathogenic Neisseria has allowed insights
into the evolution and maintenance of the opa and pil genes across geographical locations,
species and strains. Phylogenetic and gene conversion analysis have indicated that homologous
recombination via horizontal gene transfer within strains is the most likely source of novel
polymorphisms (Tables 16 and 17). Since there is evidence for horizontal exchange of opa and
pil between and within species (Fig. 19), the fact that statistically significant horizontal transfer
events were only detected within intrastrain polymorphisms should be further elucidated, perhaps
through more sensitive tests for linkage equilibrium. However, it is probable that physical
separation due to the typical sites of infection for N. meningitidis and N. gonorrhoeae has not
allowed for significant interspecies horizontal exchange of pil and opa genes, a factor which has
most likely played a role in the divergence of these genes between N. meningitidis and N.
gonorrhoeae (Fig. 14). Regardless, selection pressures applied by the host immune system
appear to be the catalyst for these gene conversion events as the majority of polymorphisms are
nonsynonymous causing dN/dS ratios to be greater than one (Table 14). While the variable
portions of these genes contained the majority of positively selected sites (Fig. 20), the degree of
positive selection in these regions was great enough to skew the dN/dS ratio of the entire gene in
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favor of positive selection (Table 14) despite evidence for purifying selection in certain regions
of the genes (Table 18). Therefore, due to the large quantity of nonsynonymous polymorphisms
mainly located within exposed variable portions of the encoded peptides (Figs. 16, 17, 18, and
20), strong positive selection pressures were detected within the variable regions of opa and pil
(Tables 14, 19, and 21). These strong positive pressures correspond to the obligate pathogenic
nature of Neisseria, as it undergoes persistent scrutiny from the host immune system.

5. CONCLUSION
The presence of small RNAs throughout the Neisseria gonorrhoeae strain MS11 genome
was determined, in part, to be regulated by the RppH enzyme. Not only did the absence of this
enzyme increase the quantity of sRNA transcripts detected within the chromosome, it also
influenced the length and chromosomal locations giving rise to these transcripts. However,
regardless of the presence of the RppH enzyme, the majority of sRNAs detected from MS11
arose from IGRs, implying that N. gonorrhoeae may use these IGR-derived sRNAs in a
regulatory capacity. Investigation into potential inter-genic sRNA regulators of pilE transcription
revealed the presence of an asRNA, asRNA7, upstream of the pilE promoter that was determined
to stabilize the full-length pilE message and therefore promote pilE translation. Therefore,
further examination of potential cis-acting regulators of the pathogenicity genes pil and opa
revealed the presence of both seRNAs and asRNAs mapping to the majority of pil and opa
genes. This led to the discovery of novel pilS-derived sRNAs whose presence was corroborated
with subsequent Northern blot and qRT-PCR studies. Investigation into the transcription of pilSderived sRNAs revealed the presence and subsequent experimental verification of novel noncanonical promoter elements within a pilS6 locus. Further investigation into the promoter
elements of other pil- and opa-derived sRNAs revealed the presence of two putative pil promoter
motifs and a single opa promoter motif. Analysis into the conservation of these promoter motifs
within the pil and opa genes of other pathogenic N. gonorrhoea and N. meningitidis strains
revealed that, despite the presence of positively selected sites indicative of host applied selection
pressures to the exposed variable regions, the locations harboring the promoter motifs were
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conserved among all strains and species. Therefore, in conclusion, pil regulation appears to be
more complicated than previously believed with multiple pil loci giving rise to cis-encoded
sRNAs from conserved non-canonical promoter motifs. Additionally, a trans-encoded asRNA
was found to stabilize the full-length message of pilE thereby demonstrating that regulation of
this virulence factor is multi-layered.
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